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A.BS TRAC T

All available data concerning the thermodynamic properties

of the group IV, V, and VI binary metal carbides have been critically

evaluated and the values judged to be most reliable were selected. The

compositional variation of the free energies of the group IV binary metal

carbides has been calculated based on theoretical models.
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I
SYMBOLS

P Pressure, commonly vapor pressure

V Volume.

T Absolute temperature in "K,

S Entropy .

H Enthalpy or heat content.

G Gibbs free energy, G = H - TS.

C Heat capacity at constant pressure.p

st Standard temperature, 298.15"K, to which many
properties are referred.

HT-Hst Enthaipy (heat content) of a substance at temperature Trelative to its enthalpy at Z98. 15°K.

3 T-Ss t  Entropy of a substance at a temperature T relative to

its entropy at Z98.15°K.

GT-Hst
T St The free encrgy function
T

fef Abbreviation for the free energy function.

AH,I The enthalpy (heat), Gibbs free energy, and entropy of

AGf formation of a substa:ce from the component elements
in their stable forms at the temperature and one atrnos-

f phere pressure.

AH Enthalpy (heat) of vaporization.V

AHR Er'thalpy (heat) of reaction.

The enthalpy (heat), Gibbs free energy, and entropy of
AG transformation from one crystal structure Q to a second

crystal oLructure, 3.

ix



Symbols (continued)

A + L The enthalpy (heat), Gibbs free energy, and entropy of
AGP4 L melting from a crystalline structure P to liquid.

A"Hi The partial molar enthalpy (heat), free energy, and
entropy of component i in an alloy referred to its
standard state,

AS.
1

Free energy of formation of an ordered alloy at the
o stoichiometric composition

GMe+ Free energy of creating a metal vacancy on the metal

sublattice.

GCT Free energy of creating a carbon vacancy on the carbon
sublattice.

Smix Entropy of mixing

AC Deviation from Kopp's law of additivity.

B A constant in the a-Hf terminal solid solution.

Me Transition metal

N Avogadro number

N Number of interstitial sites in a crystal

N Total number of lattice sites in a crystal

NMe' Number of vacant metal sites

NC+ Number of vacant carbon sites

R Universal gas constant, kN
H T - H t

Y Average heat capacity, T- s.

W Thermodynamic Probability

x



Symbols (continued)

a A vacancy parameter

a, b, c, d Coefficients used in the empirical Kelley equation.
a', b', d'

nMe+ Number of vacant metal sites divided by the Avogadro
number.

Number of vacant carbon sites divided by the Avogadro
number.

x Composition of carbon component in the alloy

y Number of lattice sites divided by- the Avogadro number

x The stoichiometric composition

x al The phase boundary of a-phase in the a+,y two-phase field

x The phase boundary of y-phase in the a+-y two-phase field

apThe phase boundary of a-phase in the a+3 two-phase field

x a The phase boundary of P-phase in the a+3 two-phase field

c, l,gr, <ss> Refer to the crystalline, liquid, and gas state; graphite;
and solid solution

a., P y, etc. Designation for the polymorphic phases of a substance and
the various phases existing in an alloy system

xl The undetermined Lagrange multipliers

Mathematical function

In Natural logarithim, i.e. to the base e

xi



I. INTRODUCTION AND SUMMARY

A INTRODUCTION

The primary aim of a chemical thermodynamicist is to be

able to predict the extent to which a substance will undergo reactions with

other materials or will decompose into other materials. Unfortunately,

the capability of making such predictions is often hampered by the lack of

pertinent thermodynamic data or because of inconsistent data existing in

the literature. The primary object of the present report is to evaluate the

available thermodynamic properties of the group IV, V, and VI transition

metal carbides based on the known thermodynamic relations and to select

self-consistent data for all these carbides.

Since the transition metal carbides, like many other inorganic

compounds, exist over a wide range of homogeneity, it is necessary to know

the activities or the partial molar free energies of the metal and carbon

components in these carbide phases as a function of composition in order to

predict the stability of the carbide phases under different environments.

However, most of the thermodynamic data reported in the literature are

restricted to or are close to the stoichiometric composition. To extend the

useful range of these data, the compositional variation of the partial molar

free energies of the metal and carbon components present in the alloy phases

has been calculated using the Schottky-Wagner vacancy model for all the

monocarbide phases, and an interstitial model for the terminal solid solution

in the second part of the report. In this interstitial model, it is assumed

that the thermal free energy of the solid solution is proportional to - con-

centration of carbon and the configurational free energy is entirely due Lo

1



tht- entropy of mixing of the interstitial carbon atoms among the available

interstitial sites.

B. SUMMARY

All available data. concerning the thermodynamic properties

of the elemental hafnium and the group IV, V, and VI transition metal

carbides have been critically evaluated and the values judged to be most

reliable were selected. For the group IV transition metal monocarbide

ph;i.: s, the integrai and partial molar free energies of the metal and carbon

components were calculated as a function of composition using the Schottky-

Wagner vacancy model. The three Schottky-Wagner parameters which were

i,,,id, d to calculate the compositional variation of the free energy were

,i i.,d from the known phase relationships and from the integral free

...L ..- (i formation of the monocarbide phase at the stoichiometric composi-

F,,r the a-Hf terminal solid solution, whose range of homogeneity

in ct,,itra.-,t to the behavior of the terminal solid solutions of titanium and

zir¢, .... i.s large at high temperature, the variation of the free energy

-, ith i , siton was calculated using the interstitial model.

11. EVALUATION OF THE THERMODYNAMIC PROPERTIES OF

h~i;XRY CARBIDF.S

A. METHOD OF EVALUATION

The available thermodynamic data of the grcup IV, V, and

V I te ,,.ition-rnetal carbides have been evaluated for self-consistency. based

-n u kiiJnuwn thermodynamic relations. Moreover, the validity o. the

:',1L.u ic data were also judged in the light of the experimental methods

,:l.: , thet uncertainties in the experimental results, the purity of the speci-

,i,ii, and the agreement between the values reported by the different

2



investigators using eithor the same or dilfferent experimental techniques.

Since many of the binary carbide phases exist over a wide range of homo-

geneity, a knowledge of the exact chemical compositions ib necessary in

order to obtain meaningful data.

Frequently when two sets of conflicting data were reported in

the literature, we have selected the results of the investigators who have

previously reported reliable data for other carbides using the same experi-

mental method.

The discussion of the data evaluation was divided into six

.sections: Phase Diagram, Low-Temrperature Data, High -Temperature Data,

Reaction Equilibrium Data, Vapor Pressurn Data, and Calorimectric Data.

Based on the digscussion and evaluation of the reported thermodynamic data,

enthalpy and free energy dtta wure selected.

I1. Phase Diagram~

Piiase diagramps provide miuch the.rnmodynamic infur -

mation. For ii~stance at any tuemperature: in a two phase field, the partial

molar free energies of thu coumponent eleiiients at the respective phase

boundarieu are equal. For the group 1V nictal inonocarbide phases, the

three Schottky-Wagncr paramotce have. been ubtainud uising the fidurtiation

that the partial rnolar frtee energy of carbon at tht (:arbon-rich p~hase boundary

of the monocarhide phase iN the saive as that oif pure graphite, and the par-

tial m-olar free energy of metal at the inutal-rich phame boundary is equal

to that in the terminal metal sjolid solution.

The phatie diagrarns of the nine binary metal carbon

systems used in this compilation were taken either from those recently

3



established by Rudy and co-workers of our own laboratory or those

already existing in the literature.

2. Low-Temperature Data

One of the thermodynamic quantities needed to

describe the stability of a substance is entropy. The standard entropy of

solids at 298.15"K may be obtained from the low temperature heat capacity

using the following thermodynamic equation:

S s +fCs.,
a t 2:: K 0

where S stands for the entropy, Cp is the heat capacity at constant pressure,

and T is the absolute temperature. The subscript at stands for the stand-

ard temperature, 298. 15'K. The term S OK is zero for an ordered phase

and has a positive value for a disordered phase. For a carbide phase with

the stoichiorretric composition such as TaC, the value of S O*K will be zero.

The low-temperature heat capacity may be determined

from some temperature close to absolute zero, usually the liquid helium,

liquid hydrogen, or liquid nitrogen temperature, up to about room tempera-

ture. The heat capacity in the temperature range from absolute zero up

to the lowest temperature at which a rneawurement is made can be calcu-

lated from theory.

In this compilation, only the values of Sat Lnd f, 4 ewhe e

4aSf, at is the entropy of formation of a carbide phase at 298. I5°K, all

expressed in ral/deg &-atom metal are reported.

4
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3. High-Temperature Data

The high-temperature heat content data determined

calorimetrically were evaluated using the Y-function which is defined as:

HT - Hat

where (H-T - H t) is the heat content at any temperature T relative to the
dC dYheat content at 298.15K. AtZ98.15K, Y =C pand = 2 -a-

In evaluating the high-temperature heat content data, the values of Y and
dY ndOat 298.15K were made to be consistent with the values of C and

Once the values of Y as a function of temperature were

selected, the values of heat capacity, heat content, entropy content, and

free energy function were calculated by means of the following equations.

C = Y + d (T Z 9 8 .15)

HT -Hst = Y (T -298.15)

S t S Y (I 298.15 Y(T-Z98.l5) dTs T  T ) T
T at T

298 - I5

G GT H ast _ Y(T-298.15) S
T + T

where -- T t is called the free energy function and will be abbreviated

by the symbol fef in this compilation. The standard entropy required to

obtain the free energy function as shown in the last equation is derived

from the low-temperature heat capacity data.
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The numerical calculation of C , HT - Hst,
GT - Hat

ST - Sst, and - was carried out by an IBM-7094 computer.

The integral, Y(T-298.15) dT, was approximated with Simp son's
j/9. 1 5 T p

198,.15
rule. The performance of the computer program was checked using the

thermal data of titanium and of iron selected by Hultgren, Orr, Anderson,
adG - Hst

and Kelley . The agreement of the values of ST - Stand of " T t

at any temperature (including the temperatures where transformations occur)

between the computer-calculated values and those selected by Hultgren, et.al.

was within 0. 01 cal/deg g-atom. The computer-calculated C values were

plotted as a function of temperature and the smoothed values which are

consistent with the calculated heat content values were tabulated.

The heat contents of these binary carbides are rep-

resented by the following empirical Kelley equation:

H T - H st aT + bT 2 + cT - d

The values of a, b, c, and d were obtained using a least square method

again by an IBM-7094 computer.

For some of the carbides whose heat capacity con-

tinues to increabe rapidly even above room temperature, the empirical

Kelley equation above does not adequately represent the data ovez the tem-

perature range from 298.15"K to 3000"K with a single set of numerical

coefficients. In such cases, the total temperature range was divided into

two sub-ranges 298.15' to T, and T to 3000"K. The lower range was

fitted to the four parameter Kelley equation above, and the upper range was

fitted either with the sarre type of equation but with different parameters

or to a reduced three parameter form:

6



HT H11st a TtbT +

Whenever the high-temperature heat content data

have been evaluated by the JANAF group or Dr. Kelley of the Bureau of

Mines, their tabulated data have been adopted in this compilation.

4. Reaction Equilibrium Data

The thermodynamic properties of a carbide phase

may be conveniently obtained from solid-solid equilibria (the phase equl-

libria of more than two components) and solid-gas equilibria. For instance,

for the reaction

Ta20 5 (c) + 7C (gr) = 5 CO (g) + ZTaC

the thermodynamic properties of TaG may be derived by measuring the

vapor pressure of CO as a function of temperature above Taz OS-C-TaC,

when the related data of Ta.O, C and CO are known.

Whenever the free energy functions of all the react-

ants and products are known, the standard heat of reaction at 298. 15*K may

be calculated from each individual measurement using the following relation-

ship:

AH R.,st "T (A.fef) + AGR

In the above equation, Afef is the sum of the free energy functions of the

products minus the sum of the free energy functions of the reactants. From

an arithmetic average value of AHR, at and knowing the heats of formation

of all the other reactants and products, the heat of formation of this carbide

phase w-b obtained. This value of AHf, st was then compared with the value

7



tli i ,cd froni the vapor pressure measurements and with the direct calori-

it,, t;, -%l1e, and then the value of &H-f, at was selected.

Whenever the values of AHR, st derived from the

eq'iilibriuni data show a trend with temperature, indications are that the

raction equilibrium as written may not be te true equilibrium. In such

cra.cs, the value of AHR, at derived was not considered in the final selection

-t data.

5. Vapor Pressure Data

The vaporization behavior of a number of carbide

. has ,,en studied ubing either the Knudsen technique or the Langmuir

iiiuthod. Iji uither case, the data were evaluated using the Third Law

nivthid. F,,r example, the vaporization of a monocarbide phase to gaseous

eli.tito nay proceed as written below:

MeC (c) Me (g) + C (g)

Th," thi4Irndyiamic properties of the MeC phase can then be obtained by

ut'.itturing the partial pressures of Me and C above the MeC phase, provided

thc thLrzniudynamic properties of Me and C are known. For each measure-

lilt-lit, tl" hiat of va'tporization, AHV, R t' for the MeG phase was calculated

by tlt. Third Law method. From an arithroutic average value of the

A|LS , I' tht- heat of formation of the MeC phase was obtained knowing the

he,lt S ,valorization of the elements.

Whenever an alloy phase does not vaporize congruently,

the composition of this alloy phase within the homogeneous range during the

course of evaporation is changing with time and so will the partial pres-

sure of the nmore volatile component. Unde3r such conditions, one cannot

obtain meaningful data, unless the amount of the material vaporized is so

small that the composition of the alloy phase does not change appreciably.

8



6. Calorimetric Data

The heats of formation of carbide phases have been

generally determined by combustion calorimetry. Provided the sample used

and the combustion products are defined, combustion calorimetry always

yields more precise heat of formation values in comparison with other

thermochemical methods.

7. Selection of Enthalpy and Free Energy Data

The value of the enthalpy (heat) of formation at

298.15"K, HIf, st, of a carbide phase together with an estimated uncertainty

has been selected based on the values derived from the reaction equilibrium

data, the vapor pressure data, and the calorimetric data. Using this

selected value of LH f, st and the available free energy functions for the

carbide phase and the elements, the Gibbs free energy of formation, AGf,

of this carbide phase with a definite composition was calculated as a func-

tion of temperature.

The AGf values as a finction of temperature are pre-

sented as a linear function of temperature. Only for those cases, where

AC values change drastically with temperature, an additional T log TP

term is added to the linear equation in order to represent the AGf values

adequat3ly.

In the present compilation, the stable form of the

element at any temperature and one atmosphere pressure has been adopted

as its standard state.



B. EXPERIMENTAL THERMODYNAMIC PROPERTIES OF

BINARY CAR BIDES

I. Group IV-Metal Carbon Systems

In the systems of carbon with tke three groiV trarsition

metals titanium, zirconium and hafnium, only one intermediate phase, a

monocarbide with Bl -type of structure, is formed. The homogeneous

range of this phase in all three systems is large and varies from about

xC = 0.32 to 0.5. At xC = 0. 5 both the metal lattice and the carbon sub-

lattice are filled, but for xC < 0. 5, the carbon sublattice is deficient with

carbon atoms. Most of the thermodynamic data reported in the literature

for this compound refer to compositions at or close to stoichiometry. Many

measurements were made on samples of undefined purity and stoichiometry.

In the following sections, the literature values were

evaluated according to the methods described in section II-A and the most

consistent values are selected. Also included in this compilation is an

evaluation of the thermodynamic properties of hafnium, which was needed

for the calculation of the thermodynamic quantities of the HfC phase.

a. Titanium-Carbon System

(1) Phase Diagram

The phase diagram as shown in Figure 1

was recently established by Rudy( Z ) and co-workers. The only intermediate

phase which is present, titanium monocarbide, exists over a wide range

of homogeneity and melts congruently at 3067"C with a composition of

-.44 atomic % carbon.

10



0367, 15".

2800 2776+
-'"48.5 63+10

2400

-Tic

2000

at1668t8 - 1650 + 50
U 1600

_ 32.0 + 1- -- B-Ti

12 01; 1 1 1 1
0 10 20 30 40 50 60 10

Ti ATOMIC % CARBON

Figure 1. The Phase Di.gram of the Titanium-Carbon System

() Low-Temperature Data

Kelley (3) measured the low-temperature

heat capacity of TICI .o over the temperature interval 55" - Z95"K.

Integration of the heat capacity yielded the value of Sat , 5.79 ' 0.1

cal/deg g-atom Ti. The sample used by Kelley had 3.127% metal impuri-

ties and 0. 75% oxygen. Using the available entropies of titanum and

graphite( 4 ) . asf, st - 2.87 + 0.1 cal/deg g-atox Ti was obtained.

(3) ,Hig- Temperatur e Data

Naylor ( 5 ) measured the heat content

of TiC,. °1 over the temperature interval 361 - 1735"K, and the xample

used was prepared by reacting titanium with Norblack (99.7% carbon) in

11



vacuo at 1300 - 1350"C. Analysis of the sample showed 79.65% titLium

and 19.85% carbon. The principal Impurity was about 0.4% free titanium.

Since TIC and TiO form a series of continuous solid solutions, one suspects

the sample might also contain oxygen as impurity.

Neel ( 6 ) measured the heat content of

TiC 1 A by means of an ice calorimeter over the temperature interval

590 - 2890'K. The chemical composition of the sample was 79.8% titanium,

19.2% carbon,and 0.9% nitrogen. Analysis of the heat content data of Neel

showed a scatter of 22% at 1000*K (corresponding to about 750 cal/g-atom).

Neel's smoothed value at 1800*K was about 14% higher than the value reported

by Naylor.

. -.. Dender, et.al. 7 ) determinedC

values of TIC*. using a pulse-heating technique over the temperature

interval 2000 - 2500*K. However, their average C value was about

14 cal/deg g-atorn in comparison to 6. 5 cal/deg g-atom obtained from

Naylor's data. The data reported by Bender, et.al. are suspected to be in

error.

From th foregoing discussion, it is

conchided that the high-temperature thermal data of TIC,.Q.0 are not well-

defined.

Based on the heat content data of Naylor,

the high-temperature thermal properties of TiLC ., have been calculated

ad tabulated as part of the JANAF Ther nochowical Tables. The heat

content of TIC,. e over the temperature interval Z95. 15 - 3000"K as

tabulated in the JANAr Tables may be represented by the fUllowing analytical
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equation with an average standard deviation of 15 cal/g-atom Ti and a

maximum deviation of 31 cal/g-atom Ti at 400'K.

-4 2 s-I
H T-H = 12.387 T + 1.6737 x 10 T + 4.2442 x 10 T -5128.7

(4) Reaction Equilibrium Data

Brantley and Beckman (8 ) studied the

equilibrium TiO -C-TiC-CO over the temperature interval 1278 - 1428°K.

From X-ray analysis, they concluded that the solid phases consisted of

TiOz, TiC only and no Tie. Thermodynamic calculations at 1323°K using

the Gibbs free energies of formation of TiO2 , TiO, and CO selected by

Elliott and Gleiser ( 9 ) showed that xTiO = 0.0005 in the Ti(C,O) solid solu-

tion. This confirmed the conclusions of Brantley and Beckman. Using the

values of the free ehergy function for GO, TiC, C and Tie 2 given in JANAF

(4)Thermochemical Tables , the standard heat of reaction at 298.15"K,

AH'R, st for the following reaction

TiO 2 (c) + 3 C (gr) = TiC (c) + Z CO (g)

was calculated to be 110,600 1 2440 cal. The uncertainty includes only

the scattering of the experimental measurements, not the uncertainties

associated with the free energy functions. Again using the heats of formation

of CO and TiO2 given in JANAF Thermochernical Tables, AHf, st =

-62, 070 cal/g-atom Ti was obtained. This value of -62, 070 cal/g-atom Ti

is much more exothermic than the calorimetric result. Moreover, the

heat of reaction calculated using the Third Law ?~thod showed a trend with

temperature, i.e. with increasing temperature, the heat of reaction

becomos more ondotheirmic,

13



Kutsev and Ormont( I 0 ) studied the

equilibrium C-Ti(CO)-CO over the temperature interval 1880-26009K,

with the partial pressure of CO varying from 20 mm to 750 mm Hg. The

composition of TiO varied from 0.01 to about 0. 1 mole fraction. Knowing

the partial pressure of CO and the composition of TiO in Ti(C,O) solid

solutions, and assuming ideal solution behavior, one can calculate the

equilibrium constant of the following reaction:

TiO <ss> + Z C (gr) = TiC <as> + CO (g)

A calculatlcn at 2000K yielded ,&GR = 5, 360 + 2600 cal. Using the free

energies of formation of TiO and CO from Elliott and Gleiser ( 9 ), one

obtained AGf, zQOQ*k = - 17, 000 cal/g-atom Ti for Ti 1. 0 This is only

about half of the value selected as discussed in the latter section. We believe

the error is due to the difficulty in the compositional analysis of the TI(CO)

solid solution.

(5) Vapor Pressure Data

From a mass spectrometric study

of TiC at about 2500*K, Chupka, Berkowitz, Giese and Inghram ( I I) found

that there was no TiC molecule in the vapor phase.

Fujishiro and Gokcen ( 1 2 measured

the vapor pressure of titanium over Tic-C over the temperature interval

2383 - Z593°K using the Knudsen technique. A Third Law evaluation of

their vapor pressure data yalded AH f, at 1 - 31, 330 cal/g-atorn Ti.

This value is about 12, 000 cal less exothermic than the calorimetric value.

We believe that the data of Fujishlro and Gokcen are in error because of
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the fact that the weight loss of the empty Knudsen cell was about two to

three times larger than the actual weight loss of the sample.

Coffman, Kibler, Lyon, and

Acchione ( 1 3 ) studied the Langmuir vaporization of TiC 1.0 over the

temperature interval 2100 - Z542*K. They concluded that TiC _.0 vapor-

ized congruently in their experiment based on the fact that the lattice

parameter of TiC,,1., remained constant with the amount of material vapor-

ized. Using the available values of the free energy function for TiCl. ,

(4)C, and Ti Coffman, et.al. obtained AHv, st = 326, Z00 + 1,200 cal/g-aton

Ti, which yielded AHf, st 2 - 42,800 + 1400 cal/g-atorn Ti for TiC.0

in reasonable agreement with the calorimetric value.

Using the resonance line absorption

technique, Coffman, et.al. ( 1 3 ) found the vapor pressure of Ti over TiC

and graphite at 2Z00*K to be the same as that of pure Ti at 1660"K. From

this information, they obtained AG., -zo" 74, 130 cal for the following

reaction:

TiC . 0 (c) = Ti (g) + C (gr)

Using the available free energy functions for TIC-. 1 0 , Ti and C,and the

heat of vaporization of Ti, they derived AHf, st = - 42, 700 cal/g-atom Ti,

again in reasonable agreement with the direct calorimetric data.

Bolgar, Verkhoglyadova and

Sarnsonov( 14 ) concluded that there was a molecular species, TiC, which

decomposed just after leaving the surface from the Langmuir experiment.

(15)However, their results are doubtful as pointed out by Storms
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(6) Calorimetric Data

Humphrey ( 16) measured the heat of

combustion of TiC using combustion calorimetry and obtained -f, at

- 43, 900 + 400 cal/g-atorn Ti. The sample was the same one used by

Naylor for heat content measurements. Lowell and Williams ( 1 7 ) determined

the heat of formation of TIC, .. by direct reaction of the elements at high

termperature and obtained a value of -43,800 + 4000 cal/g-atom Ti. The

uncertainty of the measurements is rather large.

(7) Selection of Enthalpy and Free

Energy Data

The heat of formation of TiC at

298.15'K vas selected to be -43, IU0 + Z000 cal/g-atorn Ti based on the

following three values:

Investigator Method Af, st

Humphrey Combustion Calorimetry - 43,900 + 400

Coffman, et0al. Resonance line Absorption, - 42,700
2200"K

Coffman, et.al. Langmuir, 2210 - 2542*K - 42, 800 + 1400

Selected Value - 43, 100 + 2000

With the selected value of AHf, at

for TiC, I, 0 and the available free energy functions of TiC. 1 . * Ti,and C ,

the Gibbs free energy of formation of TIC. 1 . as a function of temperature

can be calculated. The calculated AGf values as a function of temperature

were fitted to three linear equations and these equations are:
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Ti (a) + C (gr) = TIC..1 .0 (c)

AGf, zia.1 - i ssk - - 42,890 + 2.44 T

Ti (P) + C (gr) = T iC ..0 (c)

G,1'55 - 1940k =-44, 2 2 0 + 3.57 T

Ti (1) + C (gr) = TIC. . (c)

AG-f, 194o0o00Ok = -48,490 + 5.77 T

b. Zirconium-Carbon System

(1) Phase Diagram

The phase diagram as shown in

Figure 2 v.a" established by Sara, Lowell, and Dolloff( 1 8 ) and more

recently by Ruv' ,(2 ) and co-workers. Similar to the behavior of titanium

monocarbide, zirconium monocarblde also exists over a wide range of

homogeneity and melts congruently at 3440*C with a composition of

45 atomic % carbon.

(2) Low-Temperature Data

Westrum and Feick 1 9 measured the

low-temperature heat capacity of ZrC .0 over the temperature interval

5.59 - 345.16°K. Integration of the heat capacity yielded the value of

St 7.90 + 0.02 cal/deg g-atom Zr for ZrC t0 . According to the authors,

the approximate compositions of the sample by weight was 96. 5% ZrC,

2. 4% Zr, 0.5% ZrN, 0.4% ZrB, and 0.15% TiC. Using the available
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(4) (4)
entropies of zirconium and graphite 4 )

S- Z. 75+ 0.05 cal/deg g-atom Zrf, at

was obtained.

13440±201
3600 -4

2800 /~/

LAS I/ J.Farr

2400 //L5 -49. 5
CL

2000 - 1835 + 15

37.5 a 5
1600 -

0 10 20 30 40 50 60 70
Zr - AT 1, CARBON

Figure 3. Phase Diagram of the Zirconium-Carbon System

(3) High.Temper atur e Data

Mezaki, Jambois, Gangopadhyay,

and Margrave(Z 0) measured the heat content of ZrClI. over the tempera-

ture interval 480 - 1170*K using the same material as Westrum and Feick

did for their low-temperature heat-capacity measurement. Analysis of

the data of Mezaki, at. al. showed a scattering of + 1% with the exception

at one temperatures + 5%.
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Bender, et.al. (7) determined the

C of 94. 7% ZrC over the tempersture interval 1640 - Z370K and

obtained an average C of about 10 cal/dog g-atom alloy which we believe

Iis too high.

Based on the data of Mezaki, et°al.

from 480 to 1170*K, of Noel(6 ) from 600 to 3000"K, and of McDonald,

Oettlng and Prophet (Z ), the high-temperature thormaal properties of

I ZrC,,. 0 have been calculated as part uf the JANAF Thermochemical Tables.

I The heat content of ZrC, , . as tabulated in the JANAF Tables over the

temperature interval 298.15 - 3000*K may be represented by the following

analytical expresion with an average deviation of 6 Lal/g-atUrl Zr aid a

maximum deviation of 16 cal/g-atorn Zr at 30000K:
-~4 A .

HT-Hot ,12.411 T 4 3.5303 x 10 T 1 3, 317 x 10 T - 4915.9

(4) Reaction Lquilibrimn Data

I Preoicutt ( Z) ntudited the oquilibrium

ZrO-C-ZrC-CO over the t,'mperature interval 1800 - 2015"K. Fron X-ray

Ianalysi, Prescott concluded that the solid phasnc consisted of ZrO V C,

and ZrC. Using the free energy functions for CO, ZrC, C, and ZrO,

given in the JANAF Thermochemical Tables ( 4  the standard heat of rea~cion

at 298.15"K, AHRst, for the following reaction:

IZrO 2 (c) + 3C (gr) = ZrG (c) + 2 CO (g)

is calculated to be 16Z, 616 + 390 cal. The uncertainty in AHR, at includes

t only the scatter in the experimental values of the vapor pressure of CO

I
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above ZrO.-C-ZrC but does not include the uncertainties in the values ul

the free energy function. Again using the available heats of formation of

CO ( and ZrO 2(, AHf. at of ZrC,. was calculated to be

-46, 050 cal/g-atom Zr, which is in reasonable agreement with the cal-

orimet-ic value and the values derived from vapor pressure data.

Kutsev, Ormont,and Epelbaum (2 3)

studied the same equilibrium over the temperature interval 1814 - 2020"K,

but found the vapor pressure of CO only about half the value reported by

Prescott. From X-ray and chemical analysis, Kutsev, et.al. concluded

that they were studying the reaction;

ZrO z (c) + 2.63 C (gr) = ZrC 07 1 00.0s + 1.92 CO (g)

Recently, Hollahan and Gregory

measured the equilibrium vapor pressure of CO above ZrO -C-ZrC over

the temperature interval 14Z2 - 1520*K using the torsion effusion technique.

Using the Second Law treatment of their data, Hollahan and Gregory (2 4 )

obtained a value of 147, 000 cal as the apparent heat of reaction between

ZrO2 and graphite to form ZrC and CO. The value of 147, 000 cal is much

different from the value obtained from Prescott's data. Since the individual

experimental data were not tabulated in the original paper of Hollahan and

Gregory, a Third-Law treatment of their data was not made.

In view of the discrepancy between the

three different equilibrium measurements, the heat of formation of

ZrC. 1.0 derived from the equilibrium data was not considered in the final

selection of thermDdynamic data of ZrC
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(5) Vapor Pressure Data

Pollock (2 5 ) measured the vapor pres-

4sure of zirconium over ZrC and graphite using a Knudsen cell over the

temperature interval Z620 - 2730"K. Using the values of the free energyI (4)
function given in JANAF Thermochemical Tables , the heat of vaporization

of ZrC. . at 298. 15°K was calculated to be 192, 300 + 1000 c.al/g-atom Zr.

Knowing the heat of vaporization o"Lzrconium,

InH-f, st z-46, 500 + 200 cal/g-atom Zr

was obtained for ZrG.. .

Pollock ( 2 5 ) a-so studied the vaporiza-

tion of ZrC,. to gaseous zirconium and carbon over the temperature

interval Z640 - 2745"K using the Langmuir method. The heat of vapori-

zation of ZrC ,.. in this case was calculated to be 363, 770 + 700 caLig-atorn Zr.

This result yielded AH st = - 47, 060 + 1870 cal/g-atom Zr for ZrC 1.0

Coffman, Kibler, Lyon,and

Acchione ( 1 3 ) studied the vaporization of ZrCG. over the temperature

interval 2351 - 2898"K using the Langmnuir method. The stand4ard heat of

vaporization of ZrCG, . was calculated to ne 363, 497 + 1550 cal/g-atom Zr,

in good agreement with Pollock's Langmuir result. Again using the avail-

able heats of vaporization of zirconium and carbon,

H f, st = - 46,81C + 2300 cal.g-atom Zr

was obtained. Coffman, et.al. concluded that ZrG_,. 0 vaporized congruently

based on the fact that the lattice paramneter of ZrCl. remained constant

with the amount of material vaporized.
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Using the resonance-line absorption

technique, Coffman, et.al. ( 1 3 ) found the vapor pressure of Zr over

ZrC,. and graphite at 2740"K to be the same as that of pure Zr at 2144"K.

Knowing the vapor pressure of Zr over ZrC and graphite at 2740°K, the

standard heat of vaporization of ZrC at Z98. 15'K was calculated to be

192,430 cal/g-atom Zr, again in good agreement with Pollock's Knudsen

experimental result. From this value, AHf SC - 46, 630 cal/g-atom Zr

was obtained for ZrC IVI. 0

The uncertainties associated with the

calculated heats of vaporization of ZrC.2 . 0 discussed in the previous sections

include only the scattering of the individual vapor pressure data, while the

uncertainties associated with the derived heat of formation value for ZrC .,.

include the uncertainties in the vapor pressure data, the free energy func-

tions and the heats of vaporization of the elements involved.

(6) Calorimetric Data

Mah and Boyle (2 6 measured the heat

of combustion of ZrC11.0 calorimetrically and obtained

AHf, at = - 44,100 + 1500 cal/g-atori, Zr.

The ZrCI. o sample was prepared by directly reacting zirconium with

graphite and had an unaccounted impurity of 0.78% which was assumed to be

nitrogen and oxygen.

More recently Mah (27) redetermined

the heat of combustion of relatively pure ZrGC. 1 0 sample supplied by

Union Carbide Research Institutij and A. D. Little, Inc. The combustion
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results from the two different samples agreed with each other and yielded

AHf, st = - 47, 000 + 600 cal/g-atom Zr. In the same report, Mah also

determined the heat of formation of ZrC0 .710 to be - 33,100 + 800 cal/g-atom Zr.

The discrepancy between the two different calorimetric measurements is

probably due to the unaccounted impurities in the sample used by Mah and

Boyle.

(7) Selection of Enthalpy and Free

Encrgy Data

The heat of formation of ZrC, 0 at

298.15°K was'selected to be - 46,800 + 1000 cal/g-atom Zr based on the

following five values. The calorimetric value of Mah was given a weight

of four while all the other four values were given a weight of only one.

Investigator Method AHf, st

Mah Combustion Calorimetry - 47, 000 + 600

Pollock Knudsen, Z620 - Z73°K - 46,500 + 2000

Pollock Langmuir, 2647 - Z673°K - 47, 060 + 1900

C offrman, et. al. Resonance -line Absorption
Z740"K - 46,630

Caffmanet.al. Langmuir, ZZ46 - Z898°K - 46,810±2300

Selected Value - 46,800 + 1000

Using the selected value of AHf st

for ZrCt.0 , and the available free energy functions of Zrc .10 1 Zr and

graphite, the Gibbs free energy of formation of Zrq 1 .0 was calculated.

The calculated AGf values as a function of temperature were fitted to three

linear equations and these equations are;

I
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Zr (a) + C (g) ZrC-,.1 (c)

19& is.15 - 14? k - 46, 500 -t 1.61 T

Zr (P) + C (gr) ZrC-,., (c)

AG 1 , 1,19 MAk - - 47,760 + 2.71 T

Zr (1) + C (Sr) = ZrC, , (c)

&oflzs- oooIk : - 51,ZZ 0+ 4.34 T

c. Hafnium

(1) Low-Temperature Data

Westrurn (28) measured the low-

temperature heat capacity of hafnium over the temperature interval

5.82 - 348.55*K and reported tentative values of Sat= 6. 140 caldeg g-atom

and Hst- H 0 = 1224.0 cal/g-atom.

(2) High-Temperature Data

Hawkins, Onillon and Orr( Z g ) measured

the high-temperature heat content of hafnium over the temperature interval

298 - 1346 K. The sample used by Hawkins, et.al. contained 2.8% Zr,

and less than a total of 0.055% of remaining impurities, principally 0. 02% Fe,

0.010% Ni and 0.008% 0. The heat content values of hafnium were derived

by the authors from the measured values for the zirconium impurity assuming

that Kopp's law of additivity applied.
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Since there are no experimental heat

crntent values of hafnium above )346*K, we assume that Y a# defined

earlier increases linearly with temperatures above 1346"K up to the

Q (h, .) -- P(bcc) transformation temperature hamad on the fact that Y

varies linearly with temperature below 1346'K.

The *-P transformatfun temrperature

is not well-established at the present. Recently Rudy and co-workero(M)

of ur laboratory determined the u-P tr&nsfurmnation t!,mporature and

tho .islting temperature uf hafnium containing four atomic percent zirconiun

t,, be ZU7 'K and Z49 'K respectively. In this evaluation we have adopted

these value's as the transforrnation and malting tompersturee of 1,ure hsfnium

until better data become available. Since no thermal data are available

for the bt- aiid liquid phases of hafnium, we have assumed thatAS0 -' Pand

M I-4 1, art U. 90 and 4.) cal/dog S-atom rospectively, and that the values

ol C for the bcc phase and liquid phase are cunstant and equal to 8,6 and

h.0 cal/deg g-atonr rempectively.

The calculated hglII-teit|Ierature

t0.,riiil ;,ro]prrtica of hafnium iara r.,lorted in Table I and th, estimatd

valust arr parenthesicad, The heat cuntent uf k-ift uver the temperstu'e

ittrvyal 98.15 - Z073'K &s tabulated may be represented by the followii,

analyticl expreasion with an average standard devi6tiun of 0. 5 cal /deg g -atuti

and L ilaxir iursm deviation of I cal/dog S-atorm at 207)3K:

.1 I -I
IiTH at a 5.5776 T t U ,9Z474 x Iu T - 0.03094L x 10 T - 1734A
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TLble 1. Hlh-Temperature Thermal Properties of Haintum

G T  ' aH t

TeK C HT-Hat ST-9t . .. log P

Z98.1S 6.15 0 0100 10.41 -101.48
400 6.34 636 1.83 10,65 - 73.35
500 6.52 1278 3.Z6 11,11 - 57.5Z

600 6.70 1939 4,47 11.65 - 46.72
700 6.68 a618 5.5, 1,19 - 39.01
800 7.06 33)6 6.45 IZ.71 - 33.z3
900 7,25 4031 7.29 13.22 Z 28,74
1000 7,43 476S 8.06 1).7i 5Z.15

1100 7.61 5517 8.78 14,17 -Z .,2
1ZOO 7,79 bh57 9,4S 14.6 - 19.70
1300 7.95 7076 10.08 1%.oS - 17.71
1400 (8,16) (7584) (10.67) (Is,4%) - |S.94
1500 (a. 35) (710) (11.2 ) (15, 5) - 14,41

1600 (N.53)(9,S}) (11.91) (16,U) 13.1- .1.Oo (4. 901 (11499) (12.8t) (16.9%) - 10.84
2000 (9.z7) (13117) (13,77) (17,6z) - 9.06
2073(a) (9,38) (I) 01) (14.12)
1073(0) (4.6) (1M671) (%.01) (17,86) ft.

Zoo (3.6) (676)) . ,L) (IV.))) 7,61
240U (8.6) (18411) (16. 7) (15,98) G,43
Z-491(p) ("b) 1vt1' 6) ib6 4Q)3 ( . 7),96

2491(t) (6.0) (S49 %) 15.09)

2600 (6.0) (IS067) 19.Z)) (19.6v) - b,44
Z600 (a.0) (Z-1467) 19.18)) (2U,4 ,) 4.6Z
)000 (6.0) (29067) (1.,) (2.10) - 3.90
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(3) Vapor Pressure Data

Blackburn(3 0 ); Panish and Roif( 3)

and Kibler, Lyon, Linevsky and DeSantis ( 32 ) measured the vapor pressure

of hafnium using the Langmuir method. The sample used by Blackburn

contained 468 ppm 0, Z70 ppm Zr and 150 ppm Nb; the sample used by

Panish tnd Reif had 400 pprmiO; and the sample used by Kibler, et.&l.

contait,ad 69 ppm 0, 81 ppm N, 3 ppm H, 1.93% Zr and traces of I., MA

and TI.

Application of the Third Law test to

th. vaptir premaura data yielded the following hois of vaporlzation of

haffim

AH
Ivw atigo .tor AH , .it

ISa.hburt, &ZOO - Z363(K 149, ZQ0 4 ( SO

ial'mh and kaif, ZU(, - Z974 -K 14J. O 140LJ

KIher, e I,|., ZU3)i - 4114K 10 100 4 )U

S lI- t vd Vslu 144,6SU 4 Z'SUU

The salal ted value of Ali Is the

avri'g,, 0 th. first and third values with a, ,'tlimatod un. ertAiity of

/%UU t4i/-atili, The unt.rtaiiltlos nvociatad with the Individual valuas

lIot hide ujily thi s-attr of the vapor pressure data, but do not Inulude the

ii arialiatlhs uf the free en rgy functions.

Uuing this valu, of AH , the volhei

.ip tih (re uanorgy funutioti lur the cunden sd p.hase in T&619 1, and thous. fur



the gas phase from Hultgren, etal.,0, the values of the 1o P were calcu-

lated and are tabulated in Table 1.

d. Hafirium-Carbon . ,,stem

(1) Phase Diagram

The juhase diagram as shown in

risure 3 was established by Rudy( ") and co-workers, In contrast to

4000 .3928420

," I\- - •
3400 -._ " -,'.

L 32 00  - 80.!, 8 0."-

P /i-65 t I

2400 2 360 -30 4

2218.6 I
0_ 2 1441, 341

2000 -- l01 -- -

0 1 20 30 40 50 60 70
Hf Zr ATOMIC % CARBON

Figure 3. The Phase Diagram of the Hafnium-Carbon System

titanium-carbon and zirconium-carbon systems, the addition of carbon

atoms to ca-I stabilizes the a-terminal solid solution to high temperatures
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where the pure a-HI is unstable with respect to the A-H.f The only

intermediate phase, hafnium carbide, exists over , wide range of homo-

geneity and melts congruently at 3928 C with a composition of 48.5 atomic %

carbon.

(Z) Low-Te.perature Data

Westrum (28 ) measured the low-

temperature heat capacity of HfCI,.Q over the temperatwre Interval

5.09 - 350. 0K. The sample was prepared by arc-melting in an atmos-

phere of argon containing 3. 1456 ethylene and 11.4% hydrogen, From the

heat capacity data, Westrurn reported a tentative value of

Sat , 9.431 cal/deg. &-atom Hf.

Using the entropy of Hf selected in the previous section and the entropy

of graphite from JANAF Thermochemical Tables,

AS f, - 2.34 + 0.05 cal/deg 3-atom Hi

was obtained.

(3) High-Temperature Data

The high-temperature values selected

for HfC are based on the heat content of Coffman, et.al. ( 1 3 ) over the

temperature interval 440 - 1378'K, and of Levinson ( 3 3 ) over the temperature

interval 1286 - 2805*K. The selected values join smoothly with the low-

temperature heat capacity. The data of Coffman, et.al. scatter by about

+ 3% above 800"K, but scatter much more brlow this temperature, while

the data of Levinson scatter by about only + 1%.
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The sample used by Coffman, et.al.

had the following impurities: 0.39% free C, 0.05% N, 0.011% H, 4. 0% Zr,

0.01% Fe. and 0.005% Ti and the heat content values were corrected for the

zirconium impurity. On the other hand, the sample used by Levinson

was much purer, containing only 100 ppm Fe, less than 500 ppm free C,

and less than 400 ppm Zr, and consequently no correction in the measured

heat content values was necessary.

Neel (6 ) also measured the heat con-

tent of HiC (purity unknown) over the temperature interval 540 - 3016'K,

but his data scattered wildly over the whole temperature range and were

not considered in the selection.

Based on the selected values of Y,

the calculated high -temperature thermal properties of Hf( 1. 0 are reported

in Table 2, and the heat content over the temperature interval 298. 15 - 1000*K

rnay be represented by the following analytical expression with an average

standard deviation of 10 cal/g-atorn 1-If and a maximum deviation of

17 cal/g-atom Ifiat 1000"K;

-4 2 5-
HT-Hat - 10.346 T + 11.245 x 10 T + 2.0796 x 10 T - 3881.0

trrorn 1000*K to 3000*K. the heat contonts of HfC4, 0 may be represented

by the second analytical expression beluw with an average standard devia-

tion of 6 cal/g-atorn H and a maximum deviation of 10 cl/g-atomn Hf at

ZI00°K:

-4 2

HT-Hat * 11.196T + 5.9671 x 10 T - 3970.0
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Table 2. High-Temperature Thermal Properties of HfC,,.

GT-HSt

T'K C HT'HSt ST-S st

298.15 8.96 0 0.00 9.43

400 10.00 972 2.80 ,.80

500 10.58 1996 5.08 10.52

600 11.03 3071 7.04 11.35

700 11.43 4195 8.77 Iz.zl

800 11.78 5365 10.33 13.06

900 12.07 6573 11.76 13.88

1000 12.28 7814 13,06 14.68

1100 12.46 9068 14.26 15.44

1200 12.61 10333 15.36 16.18

1300 12.75 11601 17.37 16.88

1400 12.87 12881 17.32 17.55

1500 12.99 14170 18.21 18.19

1600 13.10 15478 19.05 18.81

1700 13.23 16791 19.85 19.40

1800 13.35 18114 20.61 19.97

1900 13.46 19451 21.33 20.52

2000 13.58 20803 ZZ.02 21.05

2100 13.70 22163 Z2.69 21.56

2200 13.82 23545 23.33 22.06

2300 13.94 24933 23.95 2Z.54

2400 14.05 26338 24.54 23.00

2500 14.17 27748 25.12 23.45

Z600 14.29 29178 25.68 23.89

2700 14.40 30612 26.22 24.32

2800 14.53 32059 26.75 Z4.73

2900 14.64 33512 27.26 25.13

3000 14.77 34992 27.76 25.53
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(4) Reaction Equilibrium Data

Zhelankin, Kutsev and Ormont ( 3 4 , 3 5 )

studied the equilibrium H1O-C -HfCO.950 03 -CO over the temperature

interval 1743 - 2003'K. Since there is reliable calorimetric value for

ifC1.0 , we have not evaluated the equilibrium data of Zhelankin, et.al.

Moreover. this kind of measurement did not yield any reliable thermo-

dynamic data for TiC and ZrC as discussed in the previous sections.

Rudy and Nowotny ( 3 6 ) evaluated the

Hf-Ta-C phase diagram thermodynamically at 2123'K and obtained

AGR,2z123k - 8500 cal/g-atom Hi for the following reaction:

TaCG 2Z <ss> +Hf <as> = HfC0 j Z <ss> +Ta <ss>

(5) Vapor Pressure Data

Blackbur n( 3 0 ) studied the vaporization

behavior of HfCQ. 97 by Langmulr method and reported tentatlve vapor pres-

sure data at two temperatures, 2800 and 2890"K. The Third Law test of

his data yielded d-v, st = 369, 790 cal + 1630 cal/g-atorn Hf. As pointed

out by Blbackburn, because of possible temperature errors, there is an

uncertainty of + 7 kcal in the heat of vaporization value.

Coffman, Kibler, Lyon and Acchione ( 1 3 )

measured the vapor pressures of Hf and C above kifC over the temperature

interval 2313 - 3145"K. The sample was the same one they used to measure

the heat content of HfC as discussed in the previous iection. The Third

Law treatment of their data yielded AR = 379, 470 + 2500 cal/g-atom Hf.v et -

Again the uncertainty included only the scattering of the vapor pressure
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data and did not include the unccrtainties in the values of the free energy

function. Using the value of AHf, st for Hf selected in this compilation and

that for graphite from JANAF Thermochernical Tables, we obtained

AHf. st : -59, 900 cal/g-atom Hf for HfC. This value is much more exo-

therrmic than the direct calorimetric value. We believe the value derived

irom the vapor pressure data to be in error since there are uncertainties

not only in the vapor pressure data of HfC and Hf, but also in the high-

temperature thermal properties of pure hafnium.

(6) Calorimetric Data

Mah (27) determined the heat of forma-

tion of HfC, 1. 0 by combustion calorimetry. The sample used by Mah

was supplied by L. A. McClaine and had the following chemical analysis:

93.846 Hif, 6.0Z % combined C, 0.0616 free C, 0.035% Zr, 0.031 N,

0.0057o Fe, 0.003% 0, 0.00214 each of Si and TI and 0.0015a each of Cu, H,

Mg and Mn. The heat of formation of HfQ:, 1.0 obtained by M-h is

- 52, 300 + 400 cal/g-atom Hf.

(7) Selection of Enthalpy and Free

Energy Data

The heat of formation of Hf1G 1.0

at 298. 15"K was selected to be -52, 300 4 l5uU cal/g.-atom Hf based solely

on the calorimetric value. With this valuo of AHf, at for HfC., and the

available free energy functions of HfC V., 0 , Hf and graphito, the Gibbb

free energy of formation of HfC 1. 0 was ca)culated. The :alculated AG1

values as a fui :tion of temperature were fitted to three linear equatiouis

and these equatioins are:
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Xf (a) + C (Sr) HfC 1. (c)

f tbil - 29'k - - 5Z,350+ L 08 T

Hf (P) + C (gr) HfC'v1. a (c)

AGf, so - j 4916k - 55,630 4 3.66 T

HJ(1) -+ C (gr) =HfC 1. (c)

AO 1 4 9 i -woo k '- 60,730 + 5.71 T

2. Group V Metal Carbon Systens

In addition to forming the monocarbide (DI type),

the three group V metals, vanadium, niobium, and tantalum form a second

intermediate phase with carbon having a st'ilchiometric composition cor-

responding to M* 2 C phaso. While the range of humogeneity in the mono-

carbide phases is cumparable to that ouf tho grou, IV :arbidei, tho humo-

genvotLe rango, in the s-uI):ar,id,, ve IC is relativelv niaruw iit the luwar ti',i-

jfraltt!r. ringe,

For nIublu,,t-arbun aid tantaluipi-carbus systems,

there is a hilgh-tenupersture puhyinurphic furm, ut the Me aC hmoev whuse ratign

of homiogenalty in rather large e 5tweeni the MeIC aind mar, Jhases,

there als r a metastable C, phase.

A. Vanadlini-Carbu, ,4yeteiei

(1) he iarh

The phase disgran, an shown in

Figure 4 was %stablished by Uturnis and MLNOSI ( 7 ) ,
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Figure 4. The Phase Diagram of the System Vanadium -Carbon

(Z) Low-Temperature Data

S hornate and King ( 3 8 ) measured

the 3uw-tvimjerature heat capacity of VC0.87 over the temperature interval

5Z-. - -'97. 9K. The mample was prepared by heating vanadium containing

8/e carbon and NurblAck In vacuum at 1300 to 1350"C for a total of twenty-

,ij niru.., ChnTI1-Ll £zoily lbi of the sampic showed 80. 987 V and 19,04/0 C

whith correspond to the stoichiumetric conposition. However, according

to the rerently eatablishad phame diagram of Storms and McNeal, it is not

ol'offiblo to have VC x with a value of x greater than U.88. Based on the

jeroprntly ac ptcd phan. diagran., the omairple uted by Shomate and King

itimt hdav tconisipted of V(.;,,& nd free graphlte. After subtracting the

SjittriLutiun of the free grap}itt from the total heat capacity and entropy of

01h. N8Jj1,l, tht tA11A1i41d entropy of V(;, 7 v.'. w found tu Ir

3f,



6.59 + 0. 1 cal/deg g-atom V. Using the value of St= 6.88 + 0.05 cal/deg g-,tom

for V as reported by Bieganski and Stalinaki ( 3 9 ) and that of graphite from

JANAF Thermochernical Tables, AS,, st = - 1.47 + 0. 12 cal/deg g-atom V.

was obtained.

(3) High-T er perature Data

King( 4 0 ) measured the high-tempera-

ture heat contents of VC 0.7 over the temperature interval 397.2 - 1611"K.

The sample used was the same one used by Shomate and Kelley for the

determination of the low-temperature heat capacities. Assuming that the

sample consisted of VC 0 .s7 and free carbon, the high-temperature thermal

properties were calculated and are summarized in Table 3. The heat con-

tents of VC 0. 7 over the temperature interval 298.15 - Z000"K as reported

in Table 3 may be represented by the following analytical expression with

an average standard deviation of 32 c&l/g-atom V and a maximum deviation

of 75 cal/g-atom V at 400'K.

-3 2 5 -1
HT-Hat = 10.547 T + 0.81848 x 10 T + 4.1753 x 10 T - 461Z.8

(4) Reaction Equilibrium Data

Worrell and Chipman ( 4 1) studied the

equilibrium VO3 -V (C,0) x-C-CO over the temperature interval 1200 -

1350"K, with a value of x varying between 0.88 and 1.2. The values of x in

the equilibrium phare, which affects the derived enthalpy and free energy

data for the monocarbide phase, could not be ascertained in the experiments.
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Table 3. High-Temperature Thermal Properties of VCg.,9

GT-Hs
T*K C HT-Ht STSst T at

_________T_

298.15 7.70 0 0.00 0. 59
400 8.82 858 2.46 6.90
500 9.54 1776 4.51 7.55

600 10.11 2747 6.27 8.28
700 10.60 37Z2 7.86 9.06
800 11.04 4852 9.30 9.82
900 11.45 5978 10.63 10.58
1000 11.80 7143 11.85 11.30

1100 12.04 8336 12.99 12.00
1200 12.33 9556 14.05 12.68
1300 12.53 10804 15.04 13.32
1400 12.70 12071 15.98 13.95
1500 12.86 13357 16.87 14.56

1600 12.98 14651 17.71 15.14
1700 13.10 15954 18.50 15.71
1800 13.Z0 17267 19.25 16.25
1900 13.28 18590 19.97 16.78
2000 13.36 19921 Z0.65 17.28

Alekseev and Schvartsrnan
( 4 '43)

studied the equilibria V C-H -CH 4 -V and V 4 C 3 -VC -Hz-CH 4 over the

temperature interval 973 - 1Z73'K. Using the Gibbs free energy of forma-

tion of CH 4 reported by Richardson ( 4 4 ) , they derived AGf, V C= -11,500-0.49T

and AGf v. = -10, 800 - 1. IT. These values are much less exothermic

than expected when compared with the direct calorimetric value of VC 0 . 8 7

and with the heats of formation of NbC and TaC where the data are well-

established. The reason for the discrepancy between the equilibrium and

calorimetric data are not understood.
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It is worthwhile to point ovt that

vanadium carbides axa known to form solid solutions with vanadium

nitrides (4 5 and with vanadium oxides (46) and one suspe&es tat vanadium

carbides may also take hydrogen into solution. The presence of hydrogen

will complicate the analysis of the equilibrium neasurements.

Rudy( 4 7 ) evaluated the ternary phase

diagrams V-Mo-C and V-W-C thermodynamically and obtained the follow-

ing thermodynamic information:

AGL-MoC /2 - AGf, Vc/ 2 - 4600 + 350 cal at 1800*K

fAG f = 7500 + 300 cal at 1750"K

AGf0Mo C - AGfv, 11,900 cal at ZOOO K

and AGf, wc - &Gf, vc = 13,200+ 650 cal at 2050*K

All the above MeC and MeIC phases refer to metal-rich compositions.

(5) Vapor Pressure Data

Fujishiro and Gokcen ( 4 8 ) ,neasured

the vapor pressure of vanadium over VC and graphite over the temperature

interval 2346 - 2545"K using the Knudsen technique. The Third Law

evaluation of their data yielded AHf, st - 22, 700 + 5000 cal/g-atom V.

Since the weight loss of the empty Knudsen cell in their experiment was

large in comparison to the actual weight loss of the sample, their results

are viewed with doubt.
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(6) Calorimetric Data

Mah ( 4 9 ) determined the heat of forma-

tion of VC by combustion calorimetry. The sample used by Mah was pre-

pared by carbon reduction of vanadium pentoxide at 1000 - 1100'C. Chemical

analysis of the prepared sample showed 80.22 % V, 18. 32%C and 0.28%

insoluble material. According to the author, the sample consisted of 96. 02%

VC, 3.7% V2O 3 and 0.28% inert materia). As discussed earlier, the VC

phase extends to VC,0 . 8 only, and therefore the sample must also have con-

tained free graphite. From the combustion calorimetry, Mah obtained a

value of -24,350 + 400 cal/g -atom V.

(7) Selection of Enthalpy and Free

.negy Data............................

The heat of formation of V(;, o.37 at

298. 15 K was selected to be -24, 350 + 2000 cal/g-atom V based on the

calorimetric value of Mah. With the selected value of AHf, st for VG- 0.87

and the available free energy functions of VGC. 8 7 , vanadium, and graphite,

the Gibbs free energy of formation of VC 0.8 7 was calculated. The calculated

AGf values as a function of temperature were fitted to a linear equation and

this equation is:

V (c)+0.87 C (gr) = VGg.8 7 (c)

AGf, z9a.is - zuou*k z - 24, 300 + 1.44 T
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b. Niobium-Carbon System

(1) Phase Diagram

The phase diagram as shown in

Figure 5 is based on the work of Storms and Krikorian ( 5 1 ) . However,

preliminary experimental investigation of this system in our own laboratory

3500 . . . . . .
3300 3500
3100 .290
.?4-, 67' ,./ '
211A2500 ? b ,

. I / 2335*
2300 NbC

IE 2100 Nb4

1900
1700 

_1500 ~L
0 0.1 0.2 0.3 (14 0.5 0. 6 0.7 0. 8 U 9 1.0

Nb MOLE RATIO CIN1

Figure 5. The Phase Diagram of the System Nioblum-Carbui

indicates that the high-temperature phase relationshipu are much tiure

complicated than this phase diagram suggests. In fact, the phaso, diallrall)

is anticipated to be similar to that of the tantaluin-carboni symsle whiuL

has been firmly established by us and which will be discussed lit the ustloi

on Tantalum-Carbon System.
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(2) Low-Temperature Data

Pinkratz. : _Wtellj:, and Kelley(5 2 )

measured the low temperature heat capacity of Nbr. over the tempera-

ture interval 51.96 - 296. 1 K. The sample used was supplied by the

Union Carbide Corporation. Analysis of the sample showed 88.17% Nb,

11.74% total C, 0.39% free C, <0.05% N, 0.03% 0, 0.02% Ti, 0.006% Ag

and 0. 002% Mn. Integration of the values of the heat capacity after cor-

recting for the presence of 0. 39% free carbon yielded the value of
= . . (1)

Sst 8.46 + 0.05 cal/deg g-atom Nb. Usi,g the available entropy of niobium

and of graphite Sf, st = 1.60 + 0. 1 cal/deg g-atom Nb was obtained.

(3) High -Te perature Data

The high-temperature values selected

for NbC( were based on the heat content of Pankratz, Weller and Kelle 5 2 )

over the temperature interval 398.5 - 1802.3*K; of Gel'd and Kussenko(5 3 )

over the temperature interval 298 - 1800*K; and of Levinson( 5 4 ) ove , the

temperature interval 1289 - 2778"K. The selected values also join smoothly

with the low-temperature heat capacity. The data of Pankratz, et.al.

scatter less than + 0.5% about the selected curve. From 1300 to 1800"K,

the data of Levinson are lower than the selected values by as much as 2%.

Above 1800"K the data of Levinson joins smoothly with the data of

Pankratz, et.al.; and with those of Gel'd and Kussenko to form the selected

cu-,ve with a scatter of + 1%.

From 600 to 670"K, the data of

Pankratz, et.al. showed a small anomaly whose origin is not known. For
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conv-, rience -.:oe authors troated this anomaly as an isothermal transforrma-

tio., a. 63o*K witL a small heat effect of 40 cal/g-atom Nb. For lack of

other -vident to support this phenomenon, and because of the fact that

the fie-.t effeL t is a small quantity. we have assumed that NbC does not go

thri ugh a pha ;e transformation at 670'K.

Based on the selected values of Y

and. S9 the c iculated high -tenmper.i ture thermal properties of NbC.4,1 0

are riported n Table 4. .The tabuh-, ed heat content of NbCP,,L over the

ten-Pe, ature titerval 298. 15 -3000 -may be represented by the following

analytical e xjpression with an averaj; standard deviation of 13 cal/g-atom Nb,

and with a maximum deviation of 50 cal/g-atom Nb at 3000'X:

H -H St l 1.366T + 0..5587lx 10T + 2. 6854 x 10 T - 4340. 1

Gel'd and Kussenko (5 3 ) also measured

the heat contents of NbC 0.867 NbC0 *74 9 , and NbC 0 5 over the temperature

interval 298 -1800'K. and gave the following equations to represent their

data:

-3 2 5 -1
NbGo.s6? H T-Ht 9. 70 T + 0. 995 x 10 T + 1.51 x 10 T - 3485

-3 z 5 -1
NbCO.7 4 9  HT-Hs 8. 95 T +1.127 x10 T +l1.26 x10 T -3190

-3 2 -
NbC0 .5 0  H T-H =t7.94 T +0.750 x10 T +1. 025 x10 T-2776

(4) ReionEqlibrium. Data

*'orrell and Chipman (4 1 ) studied the

equilibrium NbO 2 -C-NbC-CO over the temperature interval 1175 -1261*K

and obtained AG 1001400 -80. 3 T for the reaction:

Best A ailable COPY 4



Table 4. High-Temperature Thermal Properties of NbCt.o

*K C H -H S S T .C
_____ T at T st __ _ __ _

298.15 8.82 0 0.00 8.46 0.90400 10.05 966 2.78 8.82 1.14
500 10.78 2009 5.10 9.54 1.12

600 11.33 3117 7.12 10.39 1.05
700 11.66 4266 8.89 11.26 0.88
800 11.90 5445 10.47 12.12 0.72
900 12.07 6643 11.88 12.96 0.57
1000 12.22 7859 13.16 13.76 0.44

1100 12.38 9088 14.33 14.53 0.361200 12.52 10332 15.41 15.26 0.27
1300 12.66 11591 16.42 15.96 0.21
1400 12.79 12862 17.36 16.63 0.17
1500 12.92 14146 18.25 17.28 0.14

1600 13.04 15450 19.09 17.89 0.121700 13.16 16766 19.89 18.48 0.09
1800 13.26 18091 20.64 19.05 0.06
1900 13.38 19426 21.36 19.60 0.05
2000 13.50 20766 22.05 20.13 0.04

2100 13.61 22116 22.71 20.64 0.04
z200 13.73 23480 23.35 21.13 0.04
2300 13.86 24857 23.96 21.61 0.042400 13.98 26250 24.55 22.07 0.052500 14.12 27655 25.12 22.52 0.08

2600 14.27 29082 25.68 22.96 0.12
2700 14.42 30523 26.23 23.38 0.15
2740 14.48 31109 26.44 23.55
2800 14.58 31974 26.75 23.80
2900 14.76 33442 27.27 24.20
3000 14.94 34927 27.77 24.59
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NbO 2 (c) + 3C (gr) = NbC (c) + 2 CO (g)

Using the free energy of formation equations for NbO 2 ( 5 5 ) and CO ( 9 ) .

Worrell and Chipman obtained the following expression for the free energy

of formation of NbO . .0 over the temperature interval 1175 - 1261°K:

AGf =-31,100 + 0.4 T cal/g-atom Nb. From the AGf equation for NbC

and from the available thermal data, one obtained

AHf, st = -31,800 + 900 cal/g-atom Nb

for NbC, 1. 0

Rudy ( 4 7 ) evaluated the Mo-Nb-C phase

diagram thermodynamically at 2170"K, and obtained AG ZP2170ek = 710(+ 70) cal

for the following reaction:

NbC0 .s <ss> = 0.695 NbC 0 .T7<ss>+ 0.305 Nb <ss>

(5) Vapor Pressure Data

Fries ( 5 6 ) studied the Langmuir vapori-
zation of NbC oyer the temperature interval 2260 - 2940°K. He found

x

that NbCx lost carbon preferentially down to NbC0 . 7S , at which composition

the vaporization proceeds congruently at 2940"K.

(6) Calorimetric Data

The heats of formation of both the NbC

and Nb2C phases have been determined using the combustion calorimetry

by Mah and;Boyle(26); Huber. Head. Holley, Storms, and Krikorian(57)

Kornikov, Leonidov, and Skuratov (58); and Kussenko and Gel'd ( 5 9 ) . The

results obtained by the various investigators are summarized below:
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Investigator Atomic Ratio, C/Nb 4H , ,cal/1"g-atorn Nb

Mah and Boyle 0.9445 - 31, 750 + 800

Huber, et.al. 0. 489 - 0. 984 See Figure 6

Kornikov, et-al. 0.931 - 31, 000 + 600

Kussenko and Gel'd 0.74 - 0.98 See Text

The sample used by Mah and Boyle

was prepared by direct combination in vacuum at a temperature of

2300 - 2400'C. Chemical analysis of the sample showed 10. 8Z% C. 89. 10% Nb,

and 0. 08% unaccounted impurities w,,hich wrere attributed to oxygen and

nitrogen. The maximum impurities in any of the samples used by H-uner , et. al.

,v.ere < 0.1% N, < 0. 18%O0, <0. 047% H, and <0. 03% Fe. The heats of for -

mrition reported by Kussenko and Gel'd wer abcut !000 to 2000 cal g-aton. Nb

more exothermoic than the values obtained by Huber, et.al. According to

(15)Stor-ms , the values reported by Kusseriko and Gel'd may be in error

because of the presence of large amounts of oxygen in their sample.

(7) Selection of Enthalpy and Free Energy

Data

Tne seletL~d b ;,ts of formation of the

NbC and the N~ 2C phases at Z98. 15*K as a funiction of composition were

based oni the calorimetric values of Huber, et. al,.; Mah and Boyle; and

Kornikov, et.al.; and the -value derived from the eq4uililbriurm measurements

of Wozrell and Chipman, as shown in Figure 6. The selected values are:
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0 Huher, el.al.
1 Mah and Boyle

-20.0A Kornikov, et. al. -

*Worrell and Ch ipmanl

25. 0

-40.0 1_______J--___
0.5 0.6 0. 7 0 1) 1.0

ATOMIC RATIO, C/Nb.

Figure 6. The Heats of ForrmatiujL )f the Niu~uimr M',oiocarbide

and Sub(arbidc
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Atomic Ratio C/Nb AHf, st' cal/g-atom Nb

1.00 - 32,800 + 1200

0.90 - 3Z, 000

0.80 - 30,500

0.70 - 28,0

0.50 - 22,500 + 1700

Using the selected value of AHf, st

for NbC,I. ° , and the available free energy functions for NbC, ,I ,Nb ( 1 ) ,

and C (4); the Gibbs free energy of formation of NbC 1. 0 as a function of

tempcrature was calculated. The calculated values of AGf as a function

of temperature were fitted to two linear equations. These equations are:

Nb (c) + C (gr) = NbC, 1. 0 (c)

AGf, 298. 15- 2740k - 32, 190 + 0.39 T

Nb (1) + C (gr) NbC 1, o (c)

AGf, 274 - 3000 k = - 38, 380 + 2.65 T

c. Tantalum-Carbon System

(I) Phase-Diagram

The phase diagram as shown in

Figure 7 is based on the recent work of Rudy, Brukl, and Harmon(60)

loth the a-Ta zC and P-Ta 2C phases have the same arrangement of the
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metal lattic"e, i. e. hexagonial do se -pad-ktd, but the struc ture of the

metastable -haehas not vet been dc-termined.
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for TaC. , . Using the available entropy data of TaG1 ) and of graphite ( 4 ) ,

as f = -1.18 + 0.15 cal/deg g-atom Ta was obtained.

(3) High-Temperature Data

The high-temperature values selected

for TaC ,., were based on the heat content measurement of Levinson ( 5 4 )

over the temperature interval 1296 - 2843°K and the value of C at
p

298.15°K reported by Kelley (6 ) . The heat content data of Mezaki, Jambois,

Gangopadhy, and Margrave ( 2 0 ) over the temperature interval 476 - 1113°K

were higher than our selected value. At 11139K, the value of Y as report-

ed by Mezaki, et.al. was about 10% higher. We believe the data of

Mezaki, et.al. are in error since the extrapclation of their data to higher

temperature would lead to rather large C values.p

The calculated high-temperature

thermal properties of TaC.,a , based on the selected values of Y and Sst,

are reported in Table 5. The tabulated content of TaCkl.0 over the tempera-

ture interval 298.15 - 1800°K may be represented by the following analytical

expression with an average standard deviation of 3 calf'g-atom Ta, and a

maximum deviation of 7 cal/g-atom Ta at 1800*K:

-32 5-1
HT-Hst = 10.322 T+ 1. 0368 x 10 T + 1.890Z x 10 T - 3803.4

From 1800"K to 3000*K, the heat content of TaGC 1 . may be represented

by the analytical expression belcw with an average standard deviation of

7 cal g-atom Ta, and a maximum deviation of la cal/g-atom Ta at 2100*K:

-3 2 S.4
HTHst 0. 144 T + 0. 8 3838 x 10 T + 98. 6 83 x l0 T - 2077.5
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Table 5. High-Temperature Thermal Properties of TaC, 1.0

G-H
T 'K C H T-it S -s T A

T- st T- st _ _ _

298.15 S. 0 0. 00 10.11 0.69
400 9.93 967 2.78 10. 47 0.86
500 1. 5 8 1998 5.08 11. 19 0. 78

600 11.03 3076 7.04 12.03 0.66
700 11.39 4195 8.77 12.86 0.56
800 11.69 5350 10.31 13.73 0.50
900 11.96 6576 11.'71 14.55 0.48
1000 12.22 7748 12.98 15.34 0.50

1100 12.46 8981 14.16 16.10 0.53
1200 12.71 10236 15.25 16.83 0.59
1300 12.94 11511 16.27 17.52 0.66
1400 13.16 12813 17.24 18.19 0.74
1500 i 3.39 14134 18.15 18.83 0.85

1600 13.53 1-i79 19.01 19.-i5 0.93
1700 13. 76 10,150 19.b5 20.04 1.00
1300 13.93 18247 20.64 2C.b4 1.08
1900 14.0? 19671 21.41 21. 1?, 1. 12
ZOO0 14. 19 21086 22, 14 21.7i 1.15

2100 14 28 22541 22.85 22.23 1.16
2200 14.34 23963 23.51 2?.13 1. 15
2300 14.37 25403 24.15 23.,2 1.00
2400 V4. Zu853 24. ,' n.,
2400 14. 24 8303 25.36 24.15 0.99

3000 14. iz 35400 27.95 z6.26 0.60
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(4) Reaction Equilibriun Data

Worrell and Chipman ( 4 1 ) studied

the equilibrium Ta 2O-C-TaC-CO ov'-r the temperature interval 1265 -

1366'K. The Third Law treatment of their data using the available free

energy functions for CO ( 4 ) , TaC, C (4), and Ta z 0s(50,62) yielded

AHR,st 2 286, 1100 + 750 cal for the following reaction:

Ta 2O 5 (c) + 7 C (gr) 2 2 TaC (c) T 5 CO (g)

The uncertdinty assigned to AiHR, st only takes account of the scatter in

the vapor pressure data of CO. Using the available values of AHf, st for

CO ( 4 ) and Ta2 Os 
( 6 ) , the heat of formation of TaCV 1.0 was calculated to be

-35,300 + 1400 calig-atom Ta. Thermodynamic evaluation of the Ta-W-C

phase diagram at 1963°K by Rudy ( 4 7 ) yielded AGZ, 1973.k - 2100 cal for

the folloving reaction:

TaG0. 5 <ss> 0.633 TaCG. 79 <ss> + 0.367 Ta <ss>

Similar thermodynamic evalu;tion of Hf-Ta-C phase diagram by Rudy and

Now otny ( 3 6 ) at 2123°K yielded AGZ, 2 13 *k = 2500 cal for the reaction:

TaG0.5 <ss> = 0.610 TaG0 .8 2 <ss> + 0.390 Ta <ss>

These two values of 6G Z are in reasonable agreement.

(5) Vapor Pressure Data

Hoch, Blackburn Dingledy, and

Johniston ( 6 4 ) measured the vapor pressure of graphite in equilibrium with

TaC over the temperature interval 2275 - 3265"K. Since the carbon
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component at the carbon-rich boundary of the TaC phase is in equilibrium

with pure graphite, they essentially measured the vapor pressure of

graphite.

(6) Calorimetric Data

The heats of formation of both the

TaC and Ta.C phases have been determined usi!,.g combustion calorimetry

by Humphrey (63); Mah( 6 5 ); Huber, Head, Holley, and Bowrnan(6 6 );

(58)67Kornikov, Leonidov, and Skuratov and Smirnova and Ormont (6 7 ) The

results obtained by the various investigators are summarized below:

Investigator Atomic Ratio, C/Ta AHf, st' cal/g-atom Ta

Humphrey 1'. 0 - 38, 500+ 600

Mah "1.0 - 35,270 + 700

Huber, et.al. 0.485 - 0.998 See Figure 8

Kornikov, et.al. 0.982 - 33,700 + 1000

Smirnova and Ormont 0.60 - 0.90 See text

The sample used by Humphrey con-

tained the following impuritles: 0.27% Nb, 0.10% Ti, 0.05% Si, 0.01% Fe,

and 0.01% Zr. On the other hand, Mah used a rather pure sample which

was 99.977% TaG, 0.1% TaO, 0. 1%6 TaN, and 0. 1%6 free carbon. The dis-

crepancy between these two values is undoubtedly caused by the presence

of impurities in the sample used by Humphrey. The maximum impurities

present in any of the samples used by Huber, et.al. were: < 0.12% free C,

<0.21%N, < 0.02310, < 0.0291%H, < 0.12% Nb, and< 0.02% W.
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]Figure 8. The heat. of ]Formation of the TaC and Ta2 C Phases
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The heat of formation of the TaC

phase reported by Smirnova and Ormont was about a few kilocalories less

exothernic than the values of Huber, et.al. The discrepancy is probably

due to the iniionrvous alloys used by Smirnova and Ormont as pointed

out by Huber, et.al. in their paper.

(7) Selection of Enthalpy and Free Energy

Data

The heats of formaticn of both the

TaC and Ta 2G phases at 298. 15"K as a funcion of composition were selected

based on the calorimetric -alues of Mah, Huber, et.al., and Kornikov, et.al.,

and the value derived from the equilibrium measurement of Worrell and

Chipnan, as shovn in Figure 8. The selected values are:

Atomic Ratio, C Ta AHf, st' cal 'g-atoln Ta

1.0 - 35,050+ 1000

0.900 - 32,500

0.800 - 29, 500

0.725 - 27,400

0.485 - 22,900 V 1700

The selected values of LH f, st for

the TaC phase may be represented by the following analytical expression:

AHf, st - - 6,840 - 28, 260 x in cal. g-atom Ta

where x is the atomic ratio, C Ta.
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II

With this selected value of -H

for TaCI. , and the available free energy functions for TaC, C and

Ta (
1

) , the Gibbs free energy of formation of TaG 1.0 as a function of

temperature was calculated. The calculated AGf values as a function of

temperature may be represented by the following analytical expression:

Ta (c) + C (gr) = TaC,.,,0 (c)

AGf, z98.I_ 3000"k - 35,335 - 1.7949 T log T + 6.4757 T

3. Group VI Metal Carbon Systems

In addition to tha a-14e 2C, P-Me 2C, and MeC phases,

new phases appear in the Mo-C and the W-C systems at high temperatures,

but in the Cr-C system there appear three internedlate phases whose

structures are rather different from the phases in the other carbide systems.

In contrast to the thermodynamic behavior of the group IV and V carbides,

the heats of formation of all the group VI carbides are relatively small

quantities, and consequently the stabilities of there carbiec , -ses at high

temperatures are strongly influenced by the entropy term.

a. Chromium-Carbon System

(1) Phase Diagram

The phase diagram of the chromium-

carbon system as shown in Figure 9 is based on the work of Bloom and

Grant(6 8). The three intermediate phases are Cr 2 3 C 6, which is complex

f.c.c. with 116 atoms per unit cell (D8 4 type); Cr 7 C 3 , which is hexagonal

with 80 atoms per unit cell; and Cr 3C 2 , w.hich is orthorhombic with 20

atoms per unit cell (D5 1 0 type).
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(2) Low-Temperature Data

Kelley, Boericke, Moore,

and Bangert(9 measured the lowv-temnperature heat capacities of CrC2 / 3

2Lr C,

S106

1500

Cr WEIGHllI CARBON

Figure 9. The Phase D-Jagrarn of Chronmium -Carbon System

C rC 3 7,, and CrC 6 23 over the temp~erature interval 53 - 296*K. The low-

temnperature heat capacity of CrCz 3over the temperature interval

12 - 301 'K was also determined by DeSorbo (7 0 ). All these data were

(62)
e valuated by Kelicy and King . Integration of the heat capacities by

Kelley and King yielded the -values of S~t' 6. 81 + 0. 03, 6.86 + 0. 04,

and 6. 34 + 0. 03 cal, deg g-atorn Cr for tht: three chromium carbides,
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CrC2 / 3, CrC3 ,/7, and CrC6/ 2 3. Using the available values of Sst for

chromium (6 ) and graphite ( 4 ) . ASf, at = 0.22 + 0.08, 0.59 + 0.08 and

0.30 + 0.07 cal/deg g-atom Cr for the three chromium carbides, were

obtained.

(3) High-Temperature Data

Kelley, et.al. ( 6 9 also measured the

high-temperature heat contents of CrCzi 3 over the temperature interval

298 - 1576bK, of CrC3 / 7 over the temperature interval 298 - 1578"K, and

of CrC6/z 3 over the temperature interval 298 - 1578*K. Oriani and

Murphy ( 7 1 ) measured the heat content of CrC 2/ 3 over the temperature

interval 273 - 1188"K. All these data were evaluated by Kelley ( 5 0 ) and the

heat and entropy increments above 298.15*K were calculated. Based on

the heat content values selected by Kelley ( 5 0 ) , the high-temperature thermal

properties of CrC2,1 ', CrC3 / 7 , and CrC6 / 2 3 , all expressed per g-atorn Cr,

are reported in Tables 6, 7, and 8. The heat content of CrC2i 3 over the

range 298 - 1600'K, of CrC 3/ 7 over the range 298 - 1500'K, and of

CrC 6 ,' 2 3 over the range 298.15 - 1800*K, as reported in Tables 6, 7, and 8

may be represented by the following three analytical expressions:

-3 2_ 3 -1

H T-Hst = 10.01 T + 0.930x 10 T + 2.47 x 10 T -3894

-3 2 5 -1
H T-Hst = 8.137 T + 1.04 x 10 T + 1.45 x 10 T -3003

-3 2 5 -1

HT-Hst = 7.355 T + 0.9Z0x 10 T +l.26x10 T -2697

(4) Reaction Equilibrium Data

In addition to measuring both the low-

temperature and high-temperature thermal properties of CrC 2/3, CrC 3 / 7 ,
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Table t). High -Tempe ratare Thermal Properties of CrC2 , 3

TCK (; H-H1 S-S GT
____ p T- st T- StT

298.1is 7.84 0 6.81
400 9. 14 873 Z. 51 -7. 14
50c)0 9.91 1840 4. b? 7.80

600 10.43 2867 6.54 8. 57
to0 10. 8z 3927 8. 17 9.37
800 11. 13 I 5020 9.b3 10.l1t
900 11.40 6140 10.95 10.94

1000 11.64 7287 12.16 11.68

1100 i1.5 8,463 13. 28 12. 40
1200 12. 05 9663 14.32 13*. 08
1300 12.Z3 110880 15.29 13.73
1400, 1-'.3h 12110 16.21 14.37
iSCO 12.52 13357 17,07 141.98

1600 1z .6b 14617 17.88 1-.55
--- I --------------------_______

Table 7. Hligh- Temperature Thermal Propertius of CrC 3 .'

TOK CH -H T -t
___T St I T T T___

Z90. 15 7.13 0 c6.86
-400 8. 00 777 Z.24 7.16
500 8.55 1617 4.11 7.74

008.97 2.493 5. 71 8.41
0 9.33 3-)0 1 .12 U. 11

800 I9.62 4354 8.38 9.80
900 9.88 5320 9.51I 10.46

1000 10.1c 6318 10.57 11.11

1100U 10.31 733-. 11.54 31.73
1200 10.53 8371 12..44 12.32
1300 10. 74 942Z8 13.2.8 12.89
1400 i09 10528 14.10 13.44
1500 I11.16 11678 148 1.9
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Table 8. High-Temperature Thermal Properties of CrC6 / 3

GT-Hst
K c H T- s -s T atp T st TSst

298.15 6.49 0 0.00 6.34
400 7.19 702 2.02 6.60
500 7.69 1465 3.73 7.14

600 8.07 2259 5.17 7.74
700 8.39 3080 6.43 8.37
800 8.65 3935 7.57 8.99
900 8.89 4811 8.60 9.59

i 1000 9.13 5706 9.55 10.18

1100 9.36 66Z2 10.42 10.74
1200 9.60 7559 11.23 11.27
1300 9.83 8520 12.00 11.79
1400 10.06 9511 12.74 12.29
1500 10.30 105Z8 13.44 12.76

1600 10.53 11572 14.12 13.23
1700 10.77 12646 14.77 13.67
1800 11.00 13746 15.40 14.10
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and CrC 6 Z23 ;Kelley, et. al. (6)also studied the following four equilibria:

C r 2 0 3 -Cr 3 C 2 -G -CO over the temperature interval 1243 - 138 1 K, Cr 2 O 3 -

Cr 7 C 3 -Cr 3 C2 -CO(- over the temperature interval 1306 - 1495 0K, Cr2 03-

Cr 2 3 C 6 -Cr 7 C 3 -CO over tne temperature interval 1503 - 1721 K, and

CrZ0 3 -Cr-Crz 3 C 6 -CO over the temperature interval 1601 - 1770'K. From

these four equilibrium mneasurem-ents and from the available thermal

propertics, Kelley, eal(6)derived a value of the heat of formation for

Cr 2 O 3 at 296.15'K which is about two kilocalories less exothermnic than

(7Z)
the recent calor-.i-etric- value reported by Man . Based on this evidence,

we suspect that the c' 4 uiJlibriurn measurenients of Kelley, et.al. might be in

erroir.

Using the availdble- values of the free

(50, 62) (50, 62) (4) (4)energy function for CrC 2 , , Or Z) 0 C U , and GO , the

Third Law. treatment of the data reported by Kellcy, et.al. for the equilibrium

Cr 2 0 3 - Cr 3 C 2 -(C-0 yielded a value of - Rs 59, 120 cal, g-moale CO for

the following reac-ton:

1. ,3 C r 2 03 (C) + 13, 9 C (g r) 2 9 Cr 3 Cl (C) + CO (g)

(72) ()
Using the heats of form-ation of Cr, 03 and GO

AH- fs 24, 140 calj g-rrule

vxas obtained for CrG
2

More recently, Gleiser (7)restudied

the equilibrium-r Cr 2 0-4-Cr 3 C2 -C -CO over the temperature interval

1316 - 1366 *K. A Third Law treatment of Glelser's data yielded a value

60



of AH 4t = 58, 360 + 450 cal/g-mole CO. From this value,

,AHf, st = - 27,550 + 2200 cal/g-mole

was obtained for Cr Cz, which we judge to be the more reliable one.

Rudy and Chang ( 7 4 ) evaluated the

various equilibria existing in the ternary phase diagrams Mo-Cr-C and

W-Cr-C at 1573"K thermodynamically and obtained the following values for

the Gibbs free energies of reaction:

Reaction AGR, I573'k

(a) CrC2/3 <ss> = CrC 1 /Z<ss, Mo 2 C-type> +1/6 C <ss> 945

(b) CrC1 ,/, <ss, Mo 2 C -type> = 0.7 CrC(/7 <ss>

+ 0.3 CrC / <ss> - 270+ 50

(c) CrC <ss> = 0.88 CrCQ 4 5<ss, Mo C-type>

+ 0.12 CrC6/ 2 3 <ss> 350 + 30

(d) CrC 6 '23 <ss> = 0.42 Cr <ss>

+ 0. 58 CrC0.45 <ss,Mo 2C-type > 915 + 55

The fact that the values of AGR obtained from the two different ternary

phase diagrams agree with each other leads us to have confidence in the

reliability of these values. Based on the values of the Gibbs free energy

of formation of CrCzi'3 derived from Gleiser's data and the available

thermal properties, the Gibbs free energy of formation for CrCi/ 7 and

CrC 6 ,/! 3 will be obtained using the AG R values for the four reactions (a),

(b), (c), and (d) obtained by Rudy and Chang(7 4 .
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Alukseev and Shvartsman(
4 3 )

studied the equilibrium Cr 2 3 C 6-Hz-CH 4 -Cr over the temperature interval

973 - 1223-K. Frum this study, Aleksce, and Shvartsn'ai obtained

AGf - 3550-0.05T cal g-aton Cr for CrC 6 :2 3 . At 1100 0 K

AG. - 3610 cal g-atcrm Cr which is about 2700 cal less exothermic thanI

the selected value. The fact that Alekseev and Slivartsman obtained an

apparent zero entropy of formation sxuggests that thcir data might be in error.

The entropy of formation of CrC6, 2 3 , according to tile thermal data, is

0.89 cai deg g-atom Cr at 1000'K.

(5) Vaijor Pressure Data

Fujishiro and Gokcen ( 7 5 ) measured

the vapor pressuire of Cr over Cr 3C, and graphite over the temperature

interval 1908 - 2237°K hv means of Knudsen techniqae. Fron, their data,

Fujishiro and Gokccn derived AHf, st - - 24, 630 cal g-mole CI'3 CZ, which

is about three kcal less exothermic than the value derived from Gleiser's

equilibrium data. Since the weight loss of the ermpty Knudsen cell in

'ujiz-iro and o s :oer' rnt .. ts.. without orifice was cornarable to the

actual \eight lobs through the orifict, their data might be subject to large

uncertainties. Morecver, their AH value was d.rived from thef, st

difference of tv.o large heat of vaporization values.

(T)
Vintaikin also studied the vaporiza-

tion of Cr3 C. over the temperature interval 1373 - I 730 K using the Knudsen

technique. lie obtained AGf z - 8, 190 - 6. 99T cal g-rrole Cr 3C Z . At

1500'K, the value of AGf obtained for Cr 3 C 2 by V intaikfin is about 14 kcal less

exothermic than the value derived from Gleiser's data. The fact that
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Virtainidin cbtaineda rather large value for the apparent entropy of forma-

tion suggests that his data might be in error. The entropy of formation

of Cr C 2 at 1500"K, according to thermal data, is 5.6Z cal/deg g-mole Cr 3 C 2 .

(6) Calorimetric Data

No calorimetric data was found in

the literature for any of the three chromium carbides

(7) Selection of Enthalpy and Free Energy

Data

a. C rG z/

The heat of formation of

CrCz/i at 298.15'K was selected to be - 9, 180 + 700 cal/g-atom Cr based

on the equilibrium data of Gleiser and the available free energy functions
for CrC,, , Cr, and C. Based on this selected value of AHf the Gibbs

for CrC? I f~, st, h ib

free energy of formation of CrCz/I as a function of temperature was cal-

culated. The calculated AGf values were fitted to the following linear

equation:

Cr (c) + 2/3 C (gr) CrC./'3 (c)

AGf 198.15 -1600"k -8,740-1. 30T

b. CrGci 7

Based on the selected values

of AG for CrC2,'3 and the values of AG for reactions (a) and (b) reported

by Rudy and Chang, the Gibbs free energy of formation for CrC3 / 7 at

1575'K was found to be - 9,940 + IZ80 cal/g-atom Cr. From this value

and the available free energy functions for CrC 3/ 7 , Cr, and C, the heat

formation of CrC,/7 at Z98.15'K was found to be - 8160 + 1300 cal/g-atom.
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The Gibbs free energy of

formation of CrC 3/7 as a function of temperature was calculated and the

calculated data were fitted the following linear equation:

Cr (c) + 3/7 C (gr) = CrC/, (c)

&Gf. 2z9 s.Is-ooek = - 7,910 + 1.27 T

(c) CrC6/z 3

Again, based on the selected

value of AGf for CrCz/ and the values of AGR for reactions (c) and (d)

reported by Rudy and Chang, the Gibbs free energy of formation for

CrC6/z3 at 1573*K was found to be - 6, 700 + 800 cal/g-atom. From this

value we derived a value of AHf, st - 5, 670 + 850 cal/g-atom Cr for

CrC6/ 3 . The calculated Gibbs free energy of formation of CrC6/ 2 3

based on the selected value of AH-f, st and the available free energy functions

for CrC6/1 3 , Cr, and C, was fitted to the following equation:

Cr (c) + 6/23 C (gr) = CrC6 / 2 3 (c)

,AGf, 29s. is00k = - 5, 470 - 0.78 T

b. Molybdenum - Carbon System

(1) Phase Diagram

The phase diagram of the molybdenum-

carbon system, as shown in Figure 10, is taken from an earlier docu-

mentary report by Rudy, Windlsch, and Chang ( 7 7 ) . Among the four

intermediate phases appearing in the molybdenum-carbon system, a-Mo2C
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is the only phase stable at low temperatures. Both the a-Mo2 C and P-Mo 2C

phases have a hexagonal close -packed arrangement of the metal atoms,

and the carbon sublattice of the ca-Mo 2 C phase was found to be ordered at

room temperature using the neutron -diffraction mncthod. ( 78) The nq-phase

has a hexagonal (pseudo cubic) lattice, while the a-MoC1 -x has a sodium

chloride (Bl) structure.
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(2) _Low&-Tempe_.atureData

There emiet iio experimental low-

teinperatiure heat clapacity data for an'c. of *.he n-oly-bdenaum carbides.

Krikorian (Q)estimated a value of S - 8. S5 -t 0. 5 caljdeg g-atomn Mo

for MoC . Using Che available entropy data for 3)an gahi(4)

AS f St1. 04 + 0. 5 cal,- deg g -atom Mo was obtained.

(3) Hig h-Temperature Data

No high-temperature heat content

,)r heat capacity data were found in the literature for any of the carbides.

(4) Reaction Equilibrium Data

Gleiser and Chipman (8)studied the

equilibrium Mo-a-M0o .23C -mo -CO-CO 2over the temnperature interval

1100 - 1340'K, and obtained AG f 11,L 710 - 1. 83 T for the ni-Mo,C phase

at thc metal-rich phase boundary.

Schenck, Kurzezn, and Wusselkock (8 1 )

s tudi ed th e e quilibr ium Mn- a--Mo2 C-H, -C H a t 9 73 anad 112 3 * K. Howe ver,

their re.sults are? doubtf-ul since therm-al segregation~ nI the stat- gas mixture

(44)
usedi most have occurred as originally pointed out byRichardson .Morever,

the thermodynamic data of CH 4 obtaintrd by Schen~ck, et i.from a study of

the equilibriumr C-1H -CH,, using the same experimental method, do not agree

with the presently accepted values.

Brcw\ning and Emmett (8)claimed to

have studied the equilibriumn Mo-Mo 2C -CH 4 -H 2 over the temperature interval

820-952*K, and the equilibrium Mo 2C-CT4 -MoC--{ 2 over the temperature

(8)
interval 9)36-1098*K. According to Gleiser and Chipmani the first
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equilibrium yielded a rather large entropy change of about 26 e.u. for the

reaction ZMo(c) + C (gr) = Mo 2C (c). The second equilibrium studied is

inconsistent with our presently established phase diagram since none oi

the other three intermediate phases, P-MozC, rI-MoC x and a-MC

stable with respect to a-Mo 2C and graphite in this temperature range.

(5) Calorimetric Data

Mah (8 2 ) determined the heat of forma-

tion of MoC calorimetrically and reported AH -11, 000 + 700 cal/2 g-atcrn W,

which is in reasonable agreement with Gleiser and Chipman's result. The

sample was prepared by direct combination of the elements at 1150*C under

two atmospheres of H 2. Chemical analysis of the sample showed 94. 09% Mo

and 5.89% C.

(6) Selection of Enthalpy and Free Energy

Data

Based on the work of Gleiser and

Chipman, the Gibbs free energy of formation equation selected for

a-MoC0. 44 7 is:

Mc (c) + 0.449 C (gr) = a-MoC0.4 9 (c)

AGf,g L 1 5- 1-40 -k = -5Z50 - 0.82 T

The uncertainty in the AGf value is estimated to be + 700 cal/g-atom Mo.

c. Tungsten-Carbon System

(1) Phase Diagram

The phase diagram of the tungsten-

carbon system, as shown in Figure II, is based on the work of Rudy and
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Windisch~8 ~ Four intermediate phases appear in this system. The

phases a-WC and p -W 2 C are isostructural with a-Mo C and P-Mo ,C. The

phase a -WCG has a sodium chloride (BI) structure, while WC has a simple

hexagonal structure. In contrast to the relative stabilities of the intermediate

16 L, -j - ___

31000

75 __41

3200 _ _______ I

PI WC z

Z400

10 2 30 40)

Atomic Ol Carbon

Figure 11. The Phase Diagram of the Tunrg sten -Carbon System

phases in the Mo-C system, the WO phase is the only stable phase at

low temperatures.
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(Z) Low-Temperature Data

No low-temperature heat capacity

data were found in the literature for any of the four intermediate phases.

(3) High-Temperature Data

Levinson( 3 3 ) measured the heat con-

tent of WC 0.99 over the temperature interval 1276 - Z642'K. The sample

had 93.97% W, 6.07% C, and less than 500 ppm free graphite; the apparent

composition of the sample was WC 0 .99 . The calculated thermal properties

of WC,. 99 based on the data of Levinson are reported ij Table 9. The

tabulated heat content of WC;0. 99 over the temperature interval 1200 -

1700°K may be represented by the following analytical expression with

an average standard deviation of 9 cal/g-atom W and a maximum deviation

of 19 cal/g-atom W at 2700"K:

-, 2
HT-H st = 10.417 T + 0.79755 x 10 T - 356Z.8

(4) Reaction Equilibrium Data

Gleiser and Chipman( 8 4 ) studied the

equilibrium WC-CO 2 - W-CO over the temperature interval 1215 - 1266*K.

At 1240°K, the average temperature of the equilibrium measurement, the

Gibbs free energy of formation of WC which was derived is -8, 340 cal,/g-,tcm W.

Alekseev and Shvartsman ( 8 5 ) studied

the equilibrium WC-H.-W-GH 4 over the temperature interval 923 - 1173'K

and the equilibrium WC-H.--W 2 C-CH 4 over the temperature interval

973 - 1273"K. From their measurements, Alekseev and Shvartsman

derived AG f,. = - 1,950 - 3.9 T and AGf WC = - 7,550 + 1.16 T. A
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combination of the AGf values for WC and W 2C does predict the correct

temperature where W C decomposes into W and WC.

Orton( 8 6 ) studied the equilibria.

WC-H 2-W-CH 4 , W 2C-HZ-W-CH4 , and WC-H -1-W2C-GH 4 over the tempera-

ture interval 1173 - 1773°K. From his equilibrium measurements, Orton

derived AGf, WC z - 1,947 + 0.10 T and AGf, W C = + 46, 420 - 32.12 T.

The AGf values obtained by Orton appears to be in error when compared with

the direct calorimetric values obtained by Mah.

(5) Vapor Pressure Data

Coffman, Kibler, Lyon, and Acchione ( 1 3 )

studied the Langmuir vaporization of WC over the temperature interval

2319 - 2667"K. After initial vaporization, they found W C on the surface

of the WC sample, in agreement with the established phase diagram. Hoch,

Blackburn, Dingledy, and Johnston ( 6 4 ) measured the vapor pressure of

carbon over WC over the temperature interval 2170 - 2770*K, and found

that the vapor pressure was essentially the same as the vapor pressure of

pure graphite.

(6) Calorimetric Data

McGraw, Seltz, and Snyder ( 8 7 )

determined the heat of combustion of WC to be -285, 800 + 700 calig-mole WC,

Recently Mah ( 8 2 ) redetermined the heat of combustion of WC to WO 3 and

CO to be -285, 940 cal/g-mole WC, in perfect agreement with McGraw's

value. Based on the average value of the two combustion results and the

(4)
available heats of formation for WO anu ;, , the heat of formation of

of WC was found to be -9,670 + 400 cal/g-atom W. Chemical analysis of

the WC sample showed it to contain 93.90% W and 6.1016 C. For the purpose of
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Table 9. High-Temperature Thermal Properties of WC 0.91

T, °K C H-H
p T a

1200 12.19 10,100 0.14
1300 12.39 11,330 0.17
1400 12.58 12, 583 0.20
1500 12.77 13,845 0.25

1600 12.96 15,141 0.30
1700 13.14 16,444 0.35
1800 13.31 17,767 0.41
1900 13.48 19,110 0.46
2000 13.64 20,456 0.50

2100 13.79 21,838 0.55
2200 13.92 23,222 0.58
2300 14.07 24,623 0.61
2400 14.20 26,042 0.64
2500 14.34 27,479 0.69

2600 14.47 28,911 0.72
2700 14.60 30, 359 0.74

correcting the calorimetric value, the composition was considered to be

99.47 "0 WC and 0.53% W since W lines were detected by X-ray diffraction

techni que.

Mah 18 z ) also determined the heat

of formation of a-WCI/z to be - 3, 150 + 300 cal/g-atom W. The chemical

composition of this sample was considered to be 95. 087e W.C, 2. 9276 W,

and 2.0l WC, and the calorimetric results were corrected accordingly.
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(7) Selection of Enthalpy and Free
Energy Data

(a) WC-Phase

The selected value of the

heat of formation of WC, 1.0 at 298.15'K is - 9,670+ 400 cal/g-atom W,

based on the data of McGraw, et.al., and of Mah. Using the available

heat content data for WC, W"), and C(4)

AHf, 12 = - 9, 090 -r 500 cal/g-atom W

was obtained for WC,1.0 * Based on the AGf value of Gleiser and Chipman

for WC, ASf, iZ-o k = 0.60 + 0.5 cal/deg g-atom W. Using the available

values of S1240 °k for W( 1 ) and C ( 4 ) , a value of S WC' z40Ok 23.20 cal/deg g-,aom

was obtained. Based on the selected values of AHf and AG for WC at

1240°K and the available thermal data, the Gibbs free energy of formation

of WC from 1Z0C to 2700°K was calculated, and the calculated values

were fitted to the following linear equation:

W (c) + C (gr) WC (c)

AGf, 120 - 2700 k - 8,905 t 0.47 T

(b) a-WC I Z

The selected value of the

heat of formation of WC 1 /at 298.15"K is -3, 150+ 300 cal/g-atom W, bas-d

on the data of Mah. Since a-W 2 C decomposes to WC and W at 1523"K,

the Gibbs free energy change at this temperature is zero for the reaction:

a-WC (c) 7 1/2 WC (c) + 1/'2 W (c)
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For lack of data, we have assumed that ACp to be zero for Q-WC 1/, 1pI
even though we expect that this would not be true. With this assumption, and

using the selected value of AGf for WC, we obtain

AS f, a-WC = 0.62 + 0.5 cal/deg g-atom W

at 1523"K. The selected Gibbs free energy of formation equation for

a-WC ! is:

W (c)+ 1i'Z C (gr) = a-WC1/ 2 (c)

A-Gf = - 3,150 - 0.62T

LII. CALCULATION OF THERMODYNAMIC PROPERTIES OF NON-

STOICHIOMETRIC BINARY CARBIDES

In order to calculate the phase diagrams of the ternary and higher-

order systems, the Gibbs free energy-composition-temperature diagrams

of the binary phases must be available. Unfortunately, as the evaluation

of the thermodynamic properties of the binary carbides revealed, the

compositional variation of the Gibbs free energy is not available for ary of

the binary carbide phases. To overcome this deficiency, we shall calcu-

late the Gibbs free energies of the alloy phases as a function of composi-

tion based on theoretical models.

In the following section, we shall first discuss the interstitial model

as applied to the terminal solid solutions such as the a-Hf solid solution,

and the vacancy model of Schottky and Wagner as applied to all the mono-

carbide phases (B1).

Based on the theoretical models, the selected thermodynamic

properties of alloy phases at the stoichiometric composition, and the
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available phase diagrams, the Gibbs free energy of formation of the alloy

phases as a function of composition will be calculated and the results

reported.

In this section, we shall express all the thermodynamic quantities

in terrrs of one grain atom of alloy instead of one gram atom of metal

;.- done in the previous section. Again, we shall use the elements in

th: stable form at the temperature and one atmosphere pressure as the

standard state.

A. THEORETICAL MODEL

1. Interstitial Model as Applied to the Terminal Solid

Solution

The Gibbs free energy of formation of a binary

interstitial carbon solid solutiui,, MeIxCx (where Me stands for the

transition metal, C stands for carbon and x is the atom fraction of carbon

in the solution), from the component elements arises from two contribu-

tions which are thermal and configurational. Since the experimental heat

and entropy data of the Me C are not available as a function of compo-I 1-x X

sition, we shall assume that the thermal free energy of formation of

Me l x C x is proportional to the concentration of carbon. The configurational

free energy of formation is entirely due to the entropy of mixing of the

interstitial carbon atoms among the available sites.

According to Boltzmann, the entropy of mixing is

related to the thermodynamic probability by the following formula:

Smix knW (1)
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where S stands for the entropy of mixing, k is the Boltzmann constant,mix

and W is the thermodynamic probability.

We shall now evaluate the thermodynamic probability,

W, in the following manner based on one gram atom alloy. Let

N = Total number of atoms in an alloy, i.e.
number of metal atoms plus number of
carbon atoms

xN = Number of carbon atoms on the interstitial
sites

(l-x) N = Number of metal (or host) atoms

N i = Number of interstitial sites

N i-xN z Number of unoccupied interstitial sites

The thermodynamic probability is

N.

W 
(2)W=(xN)',-(N i _N) .7

Using Stirling's approximation for the factorial terms in equation (2), the

entropy of mixing is reduced to

S kN n N -xN\ +- x N k In (N i-x.N (3)
Smi x = i In N,/ +

Since there is one octahedral interstitial hole per

host atom in a hexagonal close-packed structure, such as a-4{f, the

number of interstitial holes is

N. = (l-x) N (4)

After substituting N. into equation (3), we have

S = - R (1-x) in 1 x) + x R In( (5)

where R = k N is the universal gas constant.
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From equation (5) and the assumption we made

earlier with regard tu the thermal contribution to the free energy of

Me C we havt

AG = Bx+RTxln/ )4 (1-x)ln 1-2x)] (6)

In this expression, B x is the thermal contribution and B is constant which

will be evaluated for a-Hf terminal solid solution in the next section.

Since the addition of interstitial carbon atoms to

the host lattice is limited by the available number of interstitial sites,

the value of x in equation (6) can never exceed 0.5. In practice, the value

of x does not even approach 0.5, because the occupation of one interstitial

site causes the neighboring site to become energetically unfavorable. How-

ever, for our purpose here, we shall not refine equation (6) by introducing

new parameters since we do not have a sufficient number of boundary condi-

tions to evaluiate all the parameters.

From equation (6) and the well-known thermodynamic

equations relating the partial molar and integral free energies,

A AG -x 8G(7)aAG& Me = G-x ax()

A- C  AG + (l-x) 5G (8)

we obtain the following equations for the partial molar free energies of

the metal and carbon components in the terminal a-solid solution:

AW = RTin (1-x\ (9)

A -= B + RTln(_) (10)
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2. Schottky-Wagner Vacancy Model

The thermodynamic model of non-stoichiometric
alloy phases originally formulated by Schottky and Wagner(89)

allo phaes oiginllywas dis-

, cssed in detail by Wagner (90) and more recently by Kaufman., Bernstein

and Sarney ( 9 1) who applied this rnod&l to the mnonocarbidi_.phases. The

model alloys contain two sublattices in the crystal. In the case of the

binar v carbide phases, the two sublattices are respectively the metal and

carbon sublattices. Due to the large size difference of the metal and

carbon atoms, contributions from exchanges of atoms among the two sub-

iattices can bu neglected. Assuming the only defects present in the lattice

are carbon vacancies and metal vacancies, the Gibbs free energy of forina-

tion of an alloy phase, Me _xC. , from the component elements arises from

the following contributions:

a. The formation of an ordered alloy at the

stoicuioin.etric corr.usitioun,

b. The creation of carbon vacancies,

C. The creation of metal vacancies,

d. The free energy of mnidng between the metal

atoms and vacancies on the metal sublattice, aud between the carbon atoms

and vacancies on the carbon sublattice.

Mathematically, the Gibbs free energy of formation

o an alloy, MI -. Cx, in terms of one gram atom alloy may be expressed

as ,ollos '
.

**The de.' ati.n of the Schottky-Wagner equations follows closely that of
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N NM N _±

AG SAG* + N G G TS (11)-T
f, x Gxo N Me+ +mix (11)

In this equation, AGt xo is the free energy of formation of an ordered

alloy at the stoichiometric composition, MeC ; G andG,+ areI -x0 x me G+
0

the fLi ee energies of creating a metal vacancy on the metal sublattice and

of creating a carbon vacancy on the carbon sublattice, respectly; N, N1+, and

N., are the total number of lattice sites, the total number of atoms, the

number of vacant metal sites, and the number of vacant carbon sites; x is

the atom fraction of carbon; and x is the stoichiometric composition. The

entropy of mixing, Smix' in equation (II) arises from the mixing between

the metal atoms and vacant sites on the metal sublattice; and from the

mixing between the carbon atoms and vacant sites on the carbon sublattice.

The entropy of mixing, derived in the usual manner

as done in the previous section, is:

[('xo)NS-~e+ In(I- 0 N s- NMe+ -NM InFNMe
mrix -[l)s e L(1 -x 0) N ] IT, -X o'sJ

x 0 N s  -  N + N C : + -
- (xoN - Nc+) In os - Nc+ In -- ) (12)

NMe+ N0 +
Introducing the new variables: nM+ - N + --- and

N

the Gibbs free energy of formation of an alloy, MexCx, becomes:

AGf, yAGf,,o + nMe +GMe+ + n,+G,+ + RTlInMe+ in[fn Me+I]

"(I-Xo) -nIe+

+ n +. In( C) + [(-x)y - nMe+1 in ( x )y

+ [x y-n+] (xn+)} (13)
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With a fixed composition at constant pressure and temperature, the Gibbs

free energy, as written in (13), is minimized according to the method of

Lagrange with the two following constraints arising from the conservation

of masses:

4) = (l-x) - (l-x)V + nMe+ = 0 (14a)

-Z = x- xoy + n,+ Z 0 (14b)

Accordingly, we have:

8 AGf + a8I
A + + k = 0 (15a)+ anM+ an

DAGf 81 8lz
-n-+ an, + n = 0 (15b)

+ X+

aAGf aj ap2 0
a - z 0 (15c)

In these equations k I and K2 are the undetermined multipliers. Performing

the differentiation of and q., and substituting the results into equations

(15), we have from equations (15a) and (15b):

8 AGf

1 Yn-Me+

DAG.

Frorn equation (15c) we obtain:

3AGf
+ (x - 1) K -Xo 0
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Thus, the conditional equation, when AGf x is a minimum, is:

aAGf aAG f 8AGf 0(6y + (1 -x o) 8nMe + --o an 0 (16)

We now proceed to differentiate AGf with respect to y. nMe+, and nC+;

and we obtain:

a G f n rMe+, (1-x )y-n Met1 1

G - + RT In [ (-lxo)T ) xln[ n 0 X 1$ (17a)

TAnf + {[o fe]+xnx fc+jj(7)

8AG8 AGf AGf
After the substitution of n _e_, G and y; and rearrangement of

terms, equation (16) becomes:

8 AG~ f () [-Me + Y (ln (lx) - x 0  - n( 7

AG (x)0RT 1x0n (1810 )

a =xo y - x
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Substitution of nMe+ and n,+ into (18) yields:

G x 0- G(l-xo) [-GMe+ + RT In (l-x)] x. (-GC+ + RT 1nx.)

--RT {(1-xo) In [Y(ioX0)-l-x)] + x In( oyi)}

Let us now introduce a new parameter, a, which is defined by the equation:

In a = (l-X) [ + x In (19)
- y I

We then have the following conditional equation for the minimization of the

free energy of an alloy Me l x G x:

-RT In a = A 0G xo(l'x 0 ) [- GMe+ + RT In (l-x,

-x ° [-G& + RT Inxo] (20)

We shall now derive AGf,x as a function of x by

substituting nMe+ and nC+ into equation (13) and the partial molar quantities,

AG-Me and AGC. using equations (7) and (8). The resulting equations are:

AG fX yAGj , x+ [y(1-x.) - (l-x)] G Me+ + [xoy - x] G,

X) + ( x Y-x
+RT y (l-x ) - F-y In [ )+ (x oY-X) I (

+ (l-X) Ln( -X + x In (Zla)
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l-x

AG-Me GMe + +R In (I.-o)y_(l..)] (2lb)

A7'-C = -GC+ + RT In =Xoy(---c

From equations (19) and (Zl), the integral free

energy of formation and the partial molar free energies of the metal and

the carbon component in the alloy at the stoichiometric composition,

Me1 ~x C become:
0 0

AG aG + RT In[ (ZZa)
rf, x 0 x (1-xo) x x

Aw G + -i - xI 0 (1 )(1 0) 2bMex Me RTn a 0
-J(2b

[x 0X(lx0 ) (l-x)

AC x Ge+ + RT In L a - (2 2 c)

a = x X ) (l- ) y-I xO(lx o(l- ) N -d)
0 0 y G 0) N

Application of these equations for values of x smaller or

greater than x are complicated by the fact that y is a complicated function

of a. However, for small values of a, i.e. when a is smaller than 1%, these

equations may be simplified. Let us rearrange equation (19) as follows:

II

(ay) -. ([-



1-x

One can see from the above equation, that when a is small, y 1-'-- for
0

values of x smaller than and y -- for values of x greather than x
v oh x 0

0

Thus ,z! have for x < xo:

(1-x) x
(I-x ) (xo -x)

AG ="G + - In (Z3a)
Me Me -x 0  (l-x )XO a

xll-x o

A"c GC+ + RT In X---0) (Z3b)

and for x > x
0

A ZMe Me++RT laI7T (Z4a)
G~ ~~ + o O

RT (x o- 1)x( - 0  1-
C G°+ In L a) (24b)'C  -GC+ + x 0 n a

For the monocarbide phases, Me1Ix C , wherex
0 0

x = 0.5, equation (21) is greatly simplified and we have:

AG f x  [0.5 y - (l-x)] GMe+ +[0.5 y-x] GC;+ + yAGfQo

+ RT{ o5 y-(l-x)-n o.5 (Ix)] + (0.5y-x) In(0.5jx)+RT~ ~ [. -(-lnL.5 y 3+05jxh 0.5y

+ (l-x) In X) + x In (Z5)

AT. -G + +RTln F lx 1(2 5b)
Me Me n0.5 y -1

A- C  GG+ + RT In (25c)
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The conditional equation when the total free energy is a minimum is:

-ZRT in a = ZAGt, .5 + GMe+ + GC+ + ZRT In 2 (26)

Ina=0.5 In [0.5 y~ (I -X)] 0. 5 in (02 7a

y|

I + [1-4 x (1-x)(1-4 a )]1/2
y = -(27b)

(1-4 a )

At the stoichiometric composition, x = 0. 5,

equation (ZZ) yields:

AGf, As = 0.5 + RT In (1-Za) (28a)

46GMes =- G + RT in -!a (28b)

- G +R~lflI-2a\AGMe, o. - GC+ + RT In a (28c)

Equation (ZZd) reduces to:

a = 0 .5 = 0.5 Ns -- zs()

We see from (29) that a is equal to the fraction of the vacant metal sites

or vacant carbon sites at x = 0. 5. However, this is no longer true for

values of x deviating from the stoichiometric composition, x 0 = 0. 5.

For values of x deviating from xo, for example

when x < 0.5, and for small value. of a, i.e. less than 1%, we have the

following approximate expressions for the partial molar free energies of

the metal and carbon component in the carbide phase:
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I
1-2x(3a

-Me GMe + +Tin [(:az T30a)

AC -Gc+ + RT In (- -) (30b)

For the case when x > 0. 5 we have:

A-Me GMe+ + RT 1fl-) (31a)

- G(- + + RT In (31b)

According to equation (28a), when a is small, RT in (1-a) approaches

zero, and we have:

AGf 0  AG

With this condition and when x < 0. 5, equations (26), (30), and (31) yield

the results:

Me GC+ +ZAGf + RTIn (7x) (32a)

AG C  -GC+ + RT in (T ) (32b)

For the case whenx > 0.5, we have:

AMe - Me+ + RT in 1-x (3 3a)

C GMe+ + 2AGf, O.s + RT In\- I) (3 3b)
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B. CALCULATED THERMODYNAMIC PROPERTIES OF

BINARY CARBIDES

1. Hafnium-Carbon S stem

The tneoretlcal models presented in the previous

sections will be now applied to the hafnium-carbon system. As shown

in Figure 3, the addition of carbon atoms to a-Hf (hcp) stabilizes this

structure to high temperatures at which pure a-Hf is unstable with respect

to P-Hf (bcc). Moreover, the solubility of carbon in a-}if at high tempera-

ture is rather large. In order to calculate the compositional variation of

the Gibbs free energy of a-Hf terminal solid solution and of the monocarbide

phase (designated by "y) at different temperatures, we must evaluate the

four parameters: B, GHf + , GC+ , and a.

Kaufman, et.al.(91) determined the three parameters

of the Schottky-Wagner model for the monocarbides by using two pieces of

experimental data, i.e. A67 0 and -G-1 -ZAG , and
Gx=o.5 Me, x=Q. s f

an assumption relating the third parameter, a, to the heat of formation &t

absolute zero. However, we shall evaluate the three parameters: GHf+,

GC+, and a for HfC phase, and the parameter B, for a-Hf terminal solid

solution, by the following four experimental conditions:

a. '6'"f-= 0 (34a)

b. ZAG -

bx. AG = 24Gf, 0 5  (34b)

.f, x a Hf-- x (34c)

Cs x Cr ̂y (34d)a 7
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I
In these equations AG f, is the Gibbs free energy of formation of HfC,In thse euatins Af, 0.5s

expressed in terms of one gram atom alloy; and x and x are the phase

boundaries of the a-phase and the y-phase in the a+-y two-phase fields.

When a is small, as shown later to be the case for

the HIC phase, f"cr-n equations (28) and (32), we have:

G:+ = - RT in Za (35a)

GHf+ = GC+ - ZAGf,0.S  (35b)

il-2x\
7 G C + + ZAGf. 0. S+RTnI (36 a)

dG +RTln - (36b)Cxa

The integral and partial molar free energies for the

a-phase are given by equations (6), (9), and (10). However, at temperatures

higher than the a- P transformation temperature of Hf, we must modify

equations (6), (9), and (10) to include the free energy of transformation of

a-Hf to P-Hf, since P-hafnium at the temperatures of interest has a dif-

ferent crystal structure from the a-terminal solid solution. The free

energy of transformation of Hf may be approximated to be:

GHf = 0.9(2073-T) (37)

The assumption we made in equation (37) is that C p,-Cpa = 0, a condi-

tion which is true to a first approximation. Accordingly, at temperatures

higher than T a_, we have:
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,(aA x- RT In(Q (38a)

x
-C, AHf+ (38b)

From equations (34) and (38), from the phase boun-

aries as shown in Figure 3, and from the selected values of AGf. Q. S the

values of GHf+, GC+, a, and B vere obtained. We found that both GHf+

and G 0 + decrease linearly witjh temperature, but a increases with tem-

perature and B may be approximated by a constant, - 39, 150 cal/g-atom.

The integral Gibbs free energies of formation of

a-Hf terminal solid solution and the partial molar quantities now become:

AG a 0.9 (2073-T) - 39, 150 x + RT Ixn + 1x nL (39a).Gx

S -l 0.9 (2073-T) + RTln (39b)

G - 0.9 (Z073-T) - 39,150 x + RTln l- (39c)

At temperatures below T _P, the first term on the

right hand side of the above equations drops out, but at temperatures

higher than T _Li we must also include the free energies of melting of

hafnium, AG L

Since the numerical calculation of AG, AC-H and
Hf

AG-C for the monocarbide phase ('y-phase) is time-consuming, a computer

program has been prepared to calculate the integral and partial molar
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free energies as a function of t. mperature and composition according

to equations (28), (32), and (33, based on the following conditions:

a. G0+ = 55,860 - 2.1 T (40)

b. Ac,' 0, which yields Gc+ RT ln Za (35a)

c. AGHxQ. ZAGf. which yields

GHf+ G0+ - ZAGfQ. S  (35b)

At 2273"K, GHf+ = 99,960, GC+ = 51,720, and
-6

a = 0. 9345 x 10 The values of AG, AZ-, and A-, as a function of
f' C

composition for the a-phase, p-phase, and 'y-phase in the hafnium-carbon

!,ystem are shown in Figures ia, lZb, and 13.

Z. Zirconium-Carbon and Titanium-Carbon Systems

In contrast to the behavior of hafnium-carbon

system, the addition of carbon atoms to the hcp form of zirconium and

titanium does not stabilize the hcp terminal solid solution to temperatures

higher than Ta of the pure metal. This simplifies the thermodynamic

an;lysis since the metal component in the monocarbide phase (y-phase)

at the metal phase boundary is in equilibrium with the bcc form of the

pure metal at temperatures higher than TnP*

Using the boundary conditions similar to those

expressed by equations (34a), (34b), and (34c); and baaed on the existing

phase diagrams and the selected Gibbs free energies of formation of the

monocarbide phases at the stoichiometric composition, the three
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Figure IZa. Gibbs Free Energies of Formation of the a-, Ii-, and

-y-phases in the Hafnium-Carbon System
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parameters, GMe+, GC+, and a for ZrC and TIC phases were calculated

as a function of temperature.

We found that GMet and GC+ for both the ZrC and

TiC phases decrease linearly with temperature, but a increases with

temperature similar to the behavior of the three parameters for HfC

phase. Again, the values of AG,. A M, and A- for both the ZrC and
Me C

TIC phases were calculated by means of an IBM-7094 computer as a func-

tion of temperature and composition based on the following three conditions:

a. GC+ = 47,760 - 0.68 T for ZrC-phase (41)

GC+ = 45,600 - 2.93 T for TIC -phase (42)

b. A- 0 (35a)

_TcMe o 2aG (35b)M e , e x = 0 .$ S. 5

The calculated integral and partial molar free

energies for the ZrC phase at 2000*K and for the TIC phase at 1673"K are

shown in Figures 14 through 17. At Z000"K, GZr+ = 88, 740, GC+ = 46, 400,
-5

and a = 0.4255 x 10 for the ZrC phase. For the TIC phase, calculations

at the temperature 1673'K gave the results: GTi+ = 78, 940, GC+ = 40, 700,
-5

and a = 0.2415 x 10

3. Discussion

The values of the vacancy parameter a for all the

three group IV metal monocarbide phases: HfC, ZrC and TiC are small
-5

('1 10 ) as calculated in the previous sections so that it was justified for

us to use the approximate relationships to calculate the Integral and

partial molar free energies using the Schottky-Wagner vacancy model.
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The shapes of the integral free energy curves of the monocarbide phases

as shown in Figures IZa, 14, and 16 are similar and are all typified by

a sharp increase of the free energy at concentrations higher than the

stoichiometric composition. This sharp rise of free energy is caused by

the large free energies of creating metal vacancies on the metal sublattice.

At temperatures higher than the metal-rich eutectic

temperature, the metal and carbon components at the metal-rich phase

boundary of the monocarbide phase are no longer in equilibrium with the

metal and carbon components in the terminal solid solution. Therefore,

we do not now have the third boundary condition to evaluate all the three

Schottky-Wagner parameters. However, since we have found that G,+

decreases linearly with temperature at temperatures lower than the metal-

rich eutectic temperature, we may assume that the linear relationship

holds to even high temperatures. We can use this condition and the other

two boundary conditions expressed by equations (35a) and (35b) to calculate

the three parameters at any temperature. Once the values of the three

parameters are known, one can calculate the integral and partial molar free

energies as a function of composition.

Until experimental free energy data of the monocarbide

phases as a function of composition and temperature becomes available,

the calculated values using the Schottky-Wagner vacancy model are useful

in calculating the phase diagrams of the ternary and higher order systems

according to the method developed by Rudy( 4 7 ) since we have chosen the

three parameters such that the data are consistent with the binary phase

diagrams.
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